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AFIT/GAE/ENG/85D- 1

Abstract

A robust controller for the approach and landing

phase of the Short Take-off and Landing (STOL) F-15 is

developed via LQG/LTR (Linear System model, Quadratic cost,

Gaussian models of uncertainty, used for controller

synthesis, with Loop Transmission Recovery techniques of

tuning the filter in the loop for control robustness

enhancement) methods. Reduced-order full-state feedback

controllers are synthesized using CGT/PI (Command Generator

Tracking feedforward compensator to incorporate handling

qualities, with Proportional plus Integral feedback)

synthesis, specifically using implicit model following to

provide good robustness characteristics In the full-state

feedback case. The robustness is fully assessed using

realistic simulations of the real-world system with

meaningful deviations from design conditions. Once a =

Kalman filter is embedded into the loop to estimate stat,?z

rather than assuming artificial access to all states, LTR

methodology is used to preserve as much robustness as

possible. A full assessment of performance and robustness

of these final implementable designs is provided.

vii
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LQG/LTR DESIGN OF A ROBUST FLIGHT CONTROLLER

FOR THE STOL F-15

I. INTRODUCTION

1-1 Bcgon

Aircraft flight control laws must be designed so

that the aircraft will achieve satisfactory response not

only to design conditions, but also to real-world

* situations. The differences between the real-world

conditions and the mathematical model used in the

development of the controller stem from the fact that there

are not really nth-order systems in nature, only nth-order

models of physical phenomena. The controller is usually

designed from a model of reduced order from the original

system model and, in general, ignores nonlinearities. Once

:.. designed, the controller will face unmodelled disturbances

on the system and variations in the parameters of the

system from the design conditions. A controller that, in

the face of the above conditions, yields a closed-loop

system that is stable and retains some measure of

performance, is termed a robust controller. This is one of

Fthe main goals in flight control design.

Currently there are several approaches that are in

use in control design. Many use time-domain techniques,

which call for a system modelled as linear and manipulated

L I -Z ''., "W., " .. . .. : " ' .: ' ' ' -' " ., .' ' ' . " ' ..: ' .. ' .. . '.. . ' .' . . " ' . , . ... -. .' - .' ' ,
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under linear system theory to develop control laws to be

implemented on a digital computer (1,3,8,27]. Other

approaches invoke the frequency- domain theory of classical

control techniques and the benefit of readily understood

graphical stability analysis (7,8,13). The design method

employed in this thesis combines the ease of implementation

of the time domain techniques with the availability of

stability and stability robustness insights of frequency

domain techniques.

This method assumes that the system to be controlled

can be modelled as a linear system that may have dynamics

" 'disturbances or measurement corruptions represented as

Gaussian processes, with a scalar quadratic cost function

to be minimized for controller synthesis and is known as

Linear-Quadratic-Gaussian (LQG) design (201. The

controller to be designed will be a Command Generator

Tracker (CGT) which provides feedforward control, a

Proportional plus Integral (PI) controller to provide

feedback control, and a Kalman Filter to estimate the

states in the face of incomplete/noise-corrupted

measurements. The PI controller will be developed using

implicit model following control techniques, so that it

will be as robust as possible (241. The Kalman filter,

which has a negative effect on the robustness of the

controller, Is then tuned using Loop Transfer Recovery

procedures (9,10,15,281 to recover as much of the robustness

2
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of the corresponding full-state feedback controller as

possible.

1-2 Prbe

The purpose of this study is to develop a robust

flight controller for the approach and landing phase for

the Short Takeoff and Landing (STOL) F-15. This digital

controller is designed using LQG design techniques with the

CGT/PI/KF control laws developed with implicit model

following to enhance robustness and LTR techniques used to

attempt to recover robustness lost to the Kalman filter. It

is required that the controller, and thus the aircraft, be

stable and maintain a minimum level of performance in the

face of large parameter variations, such as those occurring

from off-design operation; actuator failure; actuator

saturations; or mismodelled actuator dynamics, either from

errors in the model or from the reduction in order for the

simplification of the mathematical model.

This study has been done concurrently with efforts

using other control design methods for the same flight

arena 11,7] and with studies using this method and one

other for up and away flight manuevers (14,271. While it

is inevitable that comparisons between the merits of the

various methods will be made, the primary goal of this

research is not to prove which method is superior, but to

exploit and enhance controller design methodology.

3
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1-3 Scopem

This thesis effort will design and analyze a

CGT/PI/KF controller for the approach and landing phase of

flight STOL F-15 using LQG/LTR synthesis techniques via a

software package originally developed by Capt R. Floyd

7 [111. The controller has been designed about a nominal

condition of 119 knots at sea level with a light gross

weight and in a landing configuration. This controller is

subjected to robustness analysis and, if required,

robustness enhancement. The analysis is accomplished by

-- means of a linear covariance analysis tool developed by Lt.

A. Moseley (251 and by a nonlinear analysis tool originally

A, designed by Capt. W. Miller (241 and modified for this

study. Robustness enhancement will be attempted using the

discrete-time modifications of techniques developed for the

robustness enhancement of continuous-time regulators by

Doyle and Stein (9,101.

1-4 Seauence of Presentation

Chapter 2 of this thesis develops the CGT/PI

controller, starting with a proportional regulator, then

adding the integral characteristics to get the PI

controller. These are then combined with the CGT to form a

CGT/R and CGT/PI controllers, followed by a discussion of

model following controllers. Chapter 3 adds the Kalman

filter to the CGT/PI/KF controller and discusses the impact

of the filter on robustness as well as a robustness

4
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enhancement technique. Chapter 4 presents the system

models used in the controller design for the STOL F-15.

Chapter 5 demonstrates the controller design process and

performance analysis used in this study. Controller

designs and the analysis of these designs are presented in

" this chapter. The last chapter# Chapter 6, contains the

conclusions drawn from this study and gives recommendations

for further study.
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I . LQG CONTROLLER THEORY

! ~2-1 INMMOOCT I O

This chapter shows the development of optimal Linear

Quadratic Gaussian (LQG) controllers for continuous-time

systems having sampled-data measurements. The development

starts with a full-state feedback model, as will be

described in Chapter 4 for this particular application,

assuming perfect measurements. The inaccessibility of all

states and imperfection of measurements will be considered

in the next chapter.

The three controllers to be developed are the

proportional regulator, the proportional plus integral

controller (PI) and the open loop Command Generator Tracker

(CGT). Either the proportional regulator or the PI

. controller can be combined with the CGT and a Kalman Filter

to provide the controller for the aircraft.

2-2 PROPORTIONAL REGULATOR

A continuous-time system is assumed to be described by

means of the linear stochastic differential equation

i :: i(t) - F(t) ]X(t) + B(t) !1(t) + G(t) w(t) (2-1)

where y(t) is a zero mean white Gaussian noise with

E(R(t) WT(t+T)) - Q(t)*('r) (2-2)

The aircraft considered in this thesis is a

continuous-time system with sample-data measurements. It

can be modelled as an equivalent discrete-time model (191,

i.e., the solution to the differential equation (2-1), by

6
N
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the linear difference equation:

£(ti+I) = E(ti+l,tI)j(t i ) + Bd(ti)u(ti) +

+ Gd(ti)!d(ti) (2-3)

where j~d(t i ) is a zero-mean discrete-time white Gaussian

noise with

E(d(ti)gdT(tj)) = Qd(ti) &ij (2-4)

The I matrix is the state transition matrix associated with

F and Bd, Gd, and Qd are defined in terms of 1, B, G, and

Q, as is shown in Reference 19.

An optimal discrete-time LQG controller minimizes the

cost functional

J = E ( 1 xT(tn+l) Xf 1(tn+i) +
2

n 1 rI(ti)1 X(ti) 8(ti) r(ti)
+ -Z ) (2-5)izO 2L31(tl) j  LS(ti)T U(t i ] g(t i ) ]

where tn is the last time at which a control may be

applied, and a zero-order hold is used to keep the control

*: inputs constant over each time interval. The weighting

matrices Xf and X(ti) are positive semi-definite and the

U(t1 ) weighting matrix is positive definite. The Xf matrix

is used to control the cost at the final time due to state

deviations from desired values (zero for perturbation

states) and the X matrix weights the state deviations at

the individual sample times. The U matrix is the weighting

matrix that determines the cost of applying controls to the

states. The $(t i ) matrix is chosen so that the symmetric

composite matrix in Equation (2-3) is positive semi-

.7
I
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" .r.2 definite and is used to weight the cost of cross-terms.

This cross-term matrix's main use is to exert control over

the entire Interval and not Just at the sample times as

would occur with S(ti) = 0 (201.

For this problem, the LQ optimal full-state feedback

control law is given by

2*(ti)= -Gc*(ti) X(ti) (2-6)

where Gc*(ti) is the solution to

Gc*(ti)- (U+BdT Kc(tj+j)Bd]-lBdTKc(ti+l)g+ST ]  (2-7)

and

0 Kc(ti)- X+ ITKc(ti+i)1-(BdTKc(tj+I)I+STTGc*(ti) (2-8)

which is a backward running Riccati difference equation

N with a final condition

Kc(tn+i) = Xf (2-9)

This controller is represented by the block diagram

in Figure 2-1.

2-3 PROPORTIONAL[ PLUS INTEGRAL () CONTROLLERS

The preceding regulator may not be satisfactory when a

nonzero steady-state control must be applied with a zero

input to the controller. For example, when the input to

.s'a the controller is the tracking error between desired and

actual values of the controlled variables, even when this

input is zero, we want the controller to generate the

(generally nonzero) output to maintain the system at

equilibrium conditions to maintain zero tracking error.

IThis can be achieved if the controller includes integral

.7
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action, which is especially beneficial in generating zero

steady state mean tracking errors in the face of unmodelled

constant disturbances. This desire to achieve the Otype-I

property" (201 motivates the use of a PI controller (Fig.

2-2) with its summation (or pseudo-integration) of the

regulation error {Zd(ti)- Xc(ti)) in controlled variables,

where Zc is the controlled variable and yd is the reference

signal which provides the input to the controller.

The incremental form of the PI controller will be

implemented In this thesis. In this form of the

controller, only the changes in the states and commands,

and not the states and commands themselves, are used to

generate increments in control relative to the value at the

previous sample Instant. This form is preferable, as

initial conditions for the controller states are not

required and relinearization about nominal values is easier

in applications where the system is nonlinear. This form

also lends Itself more readily to anti-windup compensation

(201, which Is an important consideration for flight

controls that are easily saturated.

2-3.1 Control-Rate Pseudo-Integration for Sampled-Data Systems

In Section 2-2, the equivalent discrete-time difference

equation was derived from a continuous-time system model

and took the form

1(tt+ 1) = 1 1 (t i ) + Bd1(ti) (2-10)

with the noise vector deleted by virtue of the certainty

10
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equivalence principle. This principle states that, in the

generation of an LQG controller, the controller gains can

be evaluated on the basis of the corresponding

deterministic optimal LQ control problem, and then the

full-state feedbacks are replaced with Kalman filter state

estimates [20).

For this thesis, we will use perturbation state and

control variables, Ex and 8u, respectively, defined as

ex(tl ) = 1(ti) " Zo (2-11)

-M(ti) = U(t1 ) - 9o (2-12)

where zo and u. are the nominal values of the states and

controls that maintain the system at the equilibrium trim

operating condition to maintain desired output values.

Assuming that the system output Is a linear combination of

the states and controls, we can write:

yc(ti) = Cx(t 1 ) + DyI(ti) (2-13)

To find the nominal control, uo, that will hold the system

at the equilibrium operating point, such that yc equals the

desired system output,Xd, Equations (2-10) and (2-13) yield

lo = lzo + Bd~o (2-14a)

Id = Cjo + Dy9o (2-14b)

or

[ = [(I-D D [l (2-15)
Xd C Dy U0

which must be solved for io and uo in terms of Yd. The

. 4 W solution to Equation (2-15) yields

12
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120, C I) Bd 1 1 0 [ I (2-16)

Therefore,

go = W12Zd lo = W22Xd (2-17)

We can write Equation (2-12) for time ti and subtract

it from Equation (2-12) for time ti+ 1 to get

_u(ti+I) = £(ti) + (u(t 11 ) - U(tj)1 (2-18)

which is the discrete-time equivalent of an integration.

Defining
t = t 1) - u(ti) (2-19)

as the control pseudo-rate, Equation (2-18) becomes
4_!(ti+ I ) - 12(t 1 ) + jj(t 1)  (2-20)

Using Equations (2-10) and (2-20), an augmented state

equation can be written for the perturbation variables

" _If(ti) and _(tI) with the control pseudo-rate as the

Input:

_t(ti+I) I Bd 1 [(t t ). , =+ "u(t i)  (2-21)

[iti+ij 0 1 & ] UItiJ ) 2

2-3.2 Achievina Tyve-I Control

In her thesis on robust flight controllers (151, Lt

Jean Howey employs previously developed theory (201 to show

that the desired Integral characteristics can be achieved

by manipulating the discrete-time equivalent of

u*(t) - -Kz(t) + Kz ft [Yd " Or ) I dT (2-22)

" Ito

which is given by

13
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U*(t ) = -KZ l(ti) + Kz Z (Y-d " Yc(tj) l  (2-23)

This discrete-time equivalent equation is then put into
Incremental form and rewritten as a perturbation equation

to yield:

Su*(ti+ I ) = Su*(t I ) - K1 (ft(ti+ I) - fK(ti)2
(2-24)

- Kz (CiX(ti) + DyEM(ti)]

The above result is then compared to the optimal

regulator solution shown in Section 2-2 as augmented by the

control pseudo-rates and subject to a quadratic cost

criterion:

•I -- I 81nXltl
Jc =~[un) T [Xf. :1

n 1 [(ti) 1 T FXI i X12  SC 1 [X(t1 )
+ Z " u (ti X12 T X2 2 S2  [uti) (2-25)

1=-i u(t) SIT 32 T U J(tl)

where Xll is the weighting matrix assoctated with state

deviations from the nominal state trajectory, X2 2 weights

control deviations from uo , and U is the weighting matrix
-associated with control pseudo-rates. This U matrix gives

the designer a tool with which to place a weighting on the

rate of change of control inputs and thereby enable him to

Iterate on the design readily so as to prevent the system

from commanding actuator rates greater than physically

_ realizable. The Xf matrix weights deviations of the state

at the final time. The cross terms, X1 2 , S i, and S 2 , are a

14
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by-product of the conversion of the system from

continuous-time cost to discrete-time cost. This

development is shown in References 10 and 14. The index for

the summation in the immediately preceding cost equation

begins at -1 rather than zero to provide an acceptable

transient response to a change in setpoint, which may be

large compared to succeeding control differences (15).

Applying the optimal regulator solution to Equation

(2-25) and achieving a constant-gain control law by

allowing n-0U, the steady-state control law is generated as

WU*(t1 ) = -Gcl* 11(t1 ) - Gc2* 11(t i ) (2-26)

which, when combined with Equation (2-20), yields:

£U*(tj+i) - "M*(ti) - Gcl* 15(t i) - Gc2 * du(tt) (2-27)

= **(tj) - 1GcI* Gc2*3 J1 I (t I)] (2-28)

Rewriting Equation (2-24) with the upper partition of

Equation (2-21) yields:

!il~l~= - U(tj) - (K1 KzI [(-1) Bd 1 (ti)1
C DyJ L(ti) (2-29)

which* when compared with Equation (2-28), shows that

(K x Iz ] - [Gcl* Gc2*1 [(11) ::] -1 (2-30)

and therefore

(K1 Kz) = [GcI* Gc2* [it w121 (2-31)
w21 w22]

This equation gives feedback gains as follows:

Kx - Gcl* Wii + Gc2* w21 (2-32a)

15



Kz = GcI* w12 + Gc2* W22 (2-32b)

where Gcl* and Gc2* are found via the augmented state

regulator solution and w1l, w12# w21, and w22 are defined

in Equation (2-16). This leads to the incremental form of

the PI controller:

&U*(ti+ 1 ) = fI*(ti) - Kx Cft(tj+1 ) - Ss(ti)]

+ Kz (Xd(tI+1) - 1c(ti)) (2-33)

which achieves the desired Type-I control. It is proper

that the time indices for the last two terms do not match

[201.

2-4 COHAND GEIRATOR TRACKER

This section presents the fundamentals of Command

Generator Tracking, a formalization of numerous model

following concepts. For a more complete development of

- these controllers, see also Reference 20 and the work of J.

R. Broussard [5,6].

For a given system to maintain desired trajectories

In real time, it must respond appropriately to commanded

inputs and must reject disturbances. Both the desired

*trajectories and the disturbances to be rejected are

formulated as the outputs of linear system models. The

command generator model is defined as

Au(t) - Auim(t) + Bmam(t) (2-34)

with the output equation of

Zm(t) = Cm~m(t) + Dmam(t) (2-35)

In the discrete form, these equations become

16



."(t 1 +l) llmm(ti) + Bdm~m(ti) (2-36)

and

ym(ti) = Cmi(ti) + DmRm(ti) (2-37)

Note that the Cm and D. in Equation (2-37) can be different

from those In Equation (2-35) to reflect the desire to

control variables over the entire sample period and not

just at the sample times (201.

The objective of the CGT controller is to force the

output of the system model to match the output of the

command model,

Xc(ti) = Zm(ti) (2-38)

where yc(ti) is the output of the linear time-invariant

system
'(ti+ 1 1 = 1(t i ) + Bd!_(ti) + Exnd(ti) (2-39a)

yc(ti) = CIxti) + DyJA(ti) +Eynd(ti) (2-39b)

In the above equations, ad is a disturbance modeled by

!d(ti+i) = Engd(ti) + BdnQcmd(ti) + Gdnwdn(ti) (2-40)

where _ncmd is the commanded input to the disturbance

shaping filter (here assumed to be zero for simplicity),

and _wdn(.,.) is a white Gaussian noise with mean of zero

and a covariance Qdn o

The error that arises from deviations at any time ti

titi) =Icti) - Xm(ti) (2-41a)

or, from Equations (2-13) and (2-37),

: et(ti) -C Dy Ey] L(ti) - (Cm Do] [lm(ti) (2-41b);:.?'.: L d(ti)L_ ti

17
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When this error is zero, the system Is said to be tracking

the "ideal state traJectory."(11] This ideal system must

be defined so as to satisfy the original state and output

equations and so must take the form

Ki(ti+l)= 1x(tj) + BdUi(t i) + Exfd(t i ) (2-42a)

yi(ti) = Cxi(t i) + Dyi(ti) + Eyfd(ti) (2-42b)

where xj and yI are the ideal state and output vectors,

respectively. The ideal system must also maintain zero

error between the system and command model outputs, (le.

e(t.) = 0), so that xI equals Xm for all time t i, or[I A( tIj
(C Dy Ey] [Cm Dmi] [m(ti) (243)Oc D E ] [ d(t ) I Um(ti ]( -3

The ideal plant response must also, by assumption, be a

linear function of the model state, model control,

disturbance state, and, if applicable, disturbance control

input: (151

xij(ti)] [All A12 A13] F1m(tj)l
A 21 A22 A23] m(ti (2-44)

lUI(ti) Ld(ti)

2-4.1 Open-Loop CGT

To solve this open loop CGT problem, the equations

that the Aij matrices in Equation (2-44) must satisfy have

to be set up and solved. By augmenting the forward

difference expression for xi(tj) from Equation (2-42a) with

I(ti) from Equation (2-42b):

18
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YI~ti)

-d + Endt ) 2-45)
C Dy I(ti Ey

By substituting the assumed forms of zi(tj) and uI(ti) from

Equation (2-44), this becomes:

iiti+ 1) - ti(t)] (-I) Bd]A A1 2 A3 ir (ti

J(ti) c DJA 21 A22 A23J [d(")J

+ [E] L(t) (2-46)5 Ey

The forward difference expression for xi(ti) can also be

obtained by writing the upper partition of Equation (2-44)

for times ti and tj+1 and taking the difference to yield:

_ =t i+l)-Um(t i
= [A11 A12 A1 3 JALnA1(ti+i)-A3(t (2-47)

Assuming !m to be either constant or at least slowly

varying with respect to the sample period (i.e.,

Hm(tl+l)-um(ti) % 0), using the state models for zm and nd

as given in Equations (2-36) and (2-40) respectively, and

deleting the driving noises yields:

[InD-Bdm 0) =(ti)

0 0 (In-I Ld(ti

Using the fact that XI-Xm for all time ti, one can write

the expression

SzyI(ti) = (Cm Di]l [(ti)l (2-49)

19
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Multiplying the matrices of Equation (2-48) gives

[I i+-(ti]

Ail~d3  13(fin rI)tl
= m(ti) (2-50)

CDm d t i)

Equating the two expressions for the forward difference of

1 (t i ) and the output yi(ti), Equations (2-46) and (2-50),

yields:

I- I Bdi [Ail A 1 2 A 1 3 ] rm (ti)] + [Ex1
[ C DyJA21 A2 2 A2 3  / m(ti) E y .d(ti)

[l~d ( t) J
,At (IM-I) AIiBdm A13(ln-I) 1m(tl

Cm  D 0 um(ti) (2-51)
* Ld(ti)

which can be rearranged into:

(I-I) Bd [A1 1 A 1 2 A 1 3

C\ D y 21 A22 A23

FAl(iCmI) AliBdm A13(EnI)Ex] [Kati)]
-.[- Cm D m  -Ey um(t I  = O (2-52)

Since this expression must hold true for arbitrary lmp _m

and nd at any given sample time, the quantity in the braces

must equal the zero matrix. Therefore,[FA1 l A12  A 31
A21  A22  A23J

i= F'" '121 AII(Im-I) AIlBdm A13(n-I)-Ex (2-53)
[121 w22] C3  Ey J

which can be written as the following set of partitioned

equations:

All = WllAIt(I*-I) + W12Cm (2-54a)

A 1 2 
= wilAilBdm + w 1 2Dm (2-54b)

A1 3 = WlIAI3(EnI) - WIlEx -w2Ey (2-54c)

20
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A21 - W21All(Em-I) + w22Cm (2-54d)

A22 - w21AIIBdn + W22DR (2-54e)

A2 3 - w21A13(n-I) - w2 1EX - W2 2Ey (2-54f)

Equations (2-54a) and (2-54c) are of the form X - AXB + C,

assuming 10 and/or In are not the identity, and can be

solved numerically for X (4). Achieving a unique solution

by the above method is dependent upon the following

relationships. First, the product of any of the elgenvalues

of wit and any elgenvalue of (|mI-I must not be unity and

second, the product of any of the elgenvalues of wll and

(In-) also cannot equal one.

Once All and A13 are determined, the rest of the Aij

matrices can be evaluated and the open-loop CGT law can be

written from the lower partition of Equation (2-44) as

[il:

uI(ti) - A2 11.(ti) + A222m(ti) + A239ld(ti) (2-55)

The open-loop CGT Is shown in Figure 2-3.

2-4.2 CGT/Reaulator

The open-loop CGT law is usually not appropriate as

it can not be used with unstable plants or plants with

undesirable performance, and it cannot handle the uncertain

parameters or unmodeled disturbances that generally occur

in the true system. Therefore, to force the perturbations

from the ideal plant trajectory to zero, a feedback

controller must be developed. The first step in this

process is to assume that the open-loop CGT law, Mi(t i) has

21
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.'

been evaluated for all t1, yielding the ideal state

trajectory &i(ti) for all ti .

To generate the LQ optimal regulator for the

deterministic system, or by certainty equivalence, the LG

regulator for a full-state feedback sytem, perturbation

variables must be defined:

li(ti) * 1 (ti) - lI(ti) (2-56a)

J(i*) 2(t i) - qi(ti) (2-56b)

*Zc(ti) a [c( )ti) - Z1 Cti) - YZc(ti) - Zm(ti) (2-56c)

This yields a deterministic perturbation state equation of

* *I(ti+i) - 111(t i ) + Bdal(ti) (2-57)

and a steady state constant-gain LQ optimal regulator law

as

f.(t) - -Gc*fl(ti) (2-58)

This can be written in the preferred incremental form to

yield an equivalent closed-loop CGT control law 1201 of

.(ti~i) = M(ti) + [Mz(ti+J) - 21(ti)]
(2-59)

+ Gc*1[I(ti+I) - gi(ti ) ] + Gc*((ti+I) - g(ti)]

2-4.3 Closd-L[oo Command Generator Trackina with PI Control

The derivations of Sections 2-3.2 and 2-4.1 may now

be combined in a closed-loop CGT/PI controller. This

controller will force the actual system's mean output to

match that of the command model in steady state, even with

some modeling errors; it can handle constant unmodeled

disturbances as well as the modeled ones; and it includes

the model control's feedforward contribution to the real

23
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system control signal.
*. ' In the previous sections, it has been assumed that um

is constant from to forward. In reality gm will rhange and

this will conceptually cause the time index to be set to

zero. This causes an Inconsistency In the definition of

the ideal trajectory. To avoid this, the actual

implementation of the command generator model to take the

form [151:

.m(ti+I) = ImE.m(t i ) + BdmUm(ti+I) (2-60)

as opposed to the form of Equation (2-36).

i* Using the open-loop CGT law uI(t i) of Equation

(2-55), the associated ideal state trajectory _i(t i) of

Equation (2-42a), and defining the Ideal trajectory of

control differences as:

','Z, 2U (ti) -M ul(ti+1) - ul(ti)

= A21[Xm(ti+l) - X.m(ti)] 4 A23[fnd(ti+I) - nd(ti)] (2-si)

The deterministic augmented perturbation sy~tem state

Je qu~ti n i-cs s imilac to Equation (-25), but with Au

replaced by A:, where A£.i is defined by

iAi_(t i )  = A_ (ti) - _,Tti) (2-62)

The LQ optimal perturbation regulator solution to this

system is given by:

W _u(ti) = -GcI*SX(ti ) - Gc2*8u(ti) (2-63)

Substituting for 8u, x, and Su; and shifting the time

argument backward by one sample period yields:

A

24
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qti-1(t)) A21( lell-imlti-ll +

+ A23tfd(ti)-I-d(til)) -

- Gcl*[|i(tl-l)-Allils(tl-l)-Al2.%a(tl)-Al3Qd(ti-1)]

- Gc2*(I(ti.l)-A21i m(til)-A22m(ti)-A23d(ti-I)J

(2-64)

which, while being in the Incremental form, is only a

type-0 controller. Note that the time arguments on both

U's reflect the modification of Equation (2-60)

The desired integral property can be achieved by a

controller of the form:

" ti-,) - (K. K] ILtl( ) - 8(i0j tzc(ti-i) J (2-65)

Using the perturbation variables defined in the previous

section, Equation (2-65) can be written as:

,(ti) = 2ilti) + Mti. 1) - ylti-1)

- Kz[((ti) - j(tj.1)I + zI(ti)-Zi(ti 1

• gz (y m (t l I) - c i i) (2 - )

Writing the backward difference of Equation (2-44) yields:

ni (tI)-jI(tII) .[All A2 Al3 m(ti)jm(tii) (2-67)
(ti) (ti1 A2 2 A23J Ld(ti-Dd(ti1 1)

This can be substituted into Equation (2-66) to yield the

desired Incremental form of the CGT/PI controller (201:

M(ti) - M(ti_ 1) -K[(l-(il)

+ Kz (Cm Do) 1  n(ti-1) -CC Dy] I(ti.I )

+ KA. +A2 11(m(ti) mi-

+ 4 [KZA 1 3 +A2 3 ] [d(ti)-Qd(ti-I)I (2-68)

i which is shown in Figure 2-4.
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2-4.4 Nodel Following Controllers

The CGT/PI controller derived in the above section Is

an example of a model following controller. The CGT Is an

explicit- model following controller, in which the command

model used is the Ideal performance model, possibly

including a disturbance rejection model. The CGT and the

explicit-model follower are feedforward phenomena and have

no effect on system closed-loop properties (20).

Implicit model-following control may be added to the

PI regulator by the inclusion of an implicit model into the

performance Index. The PI controller forces the

perturbation outputs of the system to mimic the dynamics of

the implicit model. The addition of the implicit model

incorporates weights on deviations in the rate of change of

the output variables from the desired characteristics and

also on the control pseudo-rates. As the implicit

model-following controller is a feedback phenomenon, it

directly affects the closed-loop characteristics of the

system, including stability robustness (11,20,21).
The following derivation of the implicit model

following controller is for the continuous-time full-state

feedback regulator, but the concepts have been extended to

sampled-data PI controllers 111,241. Consider a full-state

feedback system adequately described as the linear

time-invariant model:

1(t) -F 1(t) + B M(t) (2-69)
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,. with a quadratic cost function defined as:

J M it0 (T(t)Xx(t) + uT(t)Uu(t)] dt (2-70)

which places a quadratic penalty on deviations from zero of

both state trajectory and control energy. Given the

infinite time interval of Equation (2-70), a constant-gain

full-state feedback control law, derived using LQ synthesis

techniques, would take the form:

U*(t) = -Gc*l(t) (2-71)

- or, for the case of an equivalent discrete-time system as

shown in Section 2-2, the law would take the form of

* Equation (2-6), as defined by Equations (2-7) through

(2-9).

It is assumed that the system outputs can be written

as:
Zclt) = CAt) (2-72)

a linear combination of the states. If the desire is not

to drive the components of the state vector to zero, but to

force the system output to match the dynamics of a given

model system depicted as:

im(t) FaZm(t) (2-73)

the cost In Equation (2-70) associated with the state

deviations would change from gTX& to (I-Fm!)TYI( -_FxZ ). By

W6 combining this relation with Equations (2-69) and (2-72),

the cost function may be rewritten as:

J, - (TXI! + uTUu + 2zTSlu dt (2-74a)

where

X, - (CF - FRC)TY1 (CF - FmC) (2-74b)
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U, - U + BTCTYICB (2-74c)

SI - (CF - FMC)TyCB (2-74d)

As with the S matriz of Equation (2-5), the purpose of the

- SI terms in Equation (2-74a) is to exert control on the

rates of change of system outputs. Given this cost

function, the control law in either Equation (2-71) or

(2-6) can be synthesized by LQ techniques [21,24).

At this stage in the development of a flight control

law, the goal is to design as robust a controller as is

possible, to set a bound on performance that, once a Kalman

*- filter is embedded in the loop, will be asymptotically

approached using Loop Transfer Recovery (LTR) robustness

enhancement techniques. It has been shown that, to decrease

the sensitivity of the controller to parameter variations,

and therefore, make it as robust as possible, the

closed-loop elgenvectors should be kept as orthogonal as

possible [12,241. This may be accomplished by the proper

selection of the implicit model and the weights on the

control pseudo-rates and on deviations of output

derivatives from model derivatives. With the controller

designed for robustness, the technique to be discussed in

the next chapter may be used to recover some of the

V_ robustness lost from the inclusion of a Kalman filter.

o2Sii
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2-5 SUflMAR

This chapter developed the deterministic optimal LO

controllers for continuous-time systems having sampled-data

measurements. The development began vith a simple

regulator, and then a proportional plus integral controller

was described. Next, a command generator tracker was

developed and was subsequently combined with the regulator

and the PI controller, respectively. Finally, model

following controllers were discussed, along with their

contribution to system robustness. In the next chapter

I uncertainty and incomplete measurements (versus full and

perfect access to the states) will be introduced, requiring

the addition of the Kalman Filter.
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'4N



-- n l - -. -r T f-W tr rtr '- r V .V .' 'S L - -r . -- - -- -- - - -

III. KALNAN FILTERING AND ROBUSTNESS

3-1 Introduction

In the previous chapter, controller development was

based implicitly on the assumption that all of the states

of the assumed system model were accessible and measured

perfectly. This is obviously not the general case which

involves incomplete, noise-corrupted outputs of physical

sensors. The Kalman filter is often used, and is developed

here, to generate optimal estimates of the states from the

outputs of these sensors (221. By certainty equivalence

[201, this structure then provides the optimal stochastic

controller under the LQG assumptions.

4 The addition of the Kalman filter into the loop has a

negative effect on the robustness of the system, i.e. the

ability of the system to tolerate design uncertainties

while providing stable characteristics and desired

performance. This chapter will address a specific form of

Kalman filter tuning as a method of asymptotically

recovering the good robustness characteristics achieved for

full-state feedback controllers via implicit model

following in the previous chapter.

-6 3-2 Kalman Filtering

The CGT/PI controller of Chapter 2 assumes full

knowledge of all system and disturbance state vectors. In

di general the states are not entirely available directly from

measurements of the states, but are only available as

31
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sensor measurements, often incomplete (in the sense that

there are not separate measurements of all states of

interest), and corrupted by noise. This motivates the use

of a Kalman filter to generate estimates of the states. A

development of the Kalman filter follows, but for a more

In-depth explanation, see Reference 19.

The available sampled-data sensor outputs are assumed

to be modelled by:

., (t i )  = Hx(t l )  +v(t l )  (3-1)

where H is the measurement matrix and v(ti) is a zero-mean

* white Gaussian noise with

E{ (ti)vT(j)} = R 8ij (3-2)

This measurement noise is assumed to be independent of the

dynamics driving noise.

Through the use of Bayes rule, the optimal estimation

algorithm (Kalman filter) can be defined in terms of the

conditional mean and covariance of the state vector Just

after a measurement has been incorporated :

x(tl-t + )  0 E{!(tj-l):Z(tI-t) = 21-1} (3-3)

P(tj_* +) a E(((t.l)-K(ti.+)i( 1(t1.. )-1(t1 .1 )]T

:Z(tl )- il }  (3-4)

where Z(ti1.) is a composite vector of the entire

measurement history and Zi_1 is a vector of the

realizations of Z(ti.-). These values are propagated to the

next measurement time to yield:

"(t-) * E(Xlt 1 ):Z(tt-I)=Z 1 -I (3-5)
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(3-6)

Using these relationships and the system equation from

Chapter 2, the Kalman filter equations are as follows:
A A

I(ti') = I 1(tj 1+) + Bd !(tl_ 1 ) (3-7a)

P(ti-) = I P(tll + ) IT + Gd Qd(ti-1) GdT (3-7b)

K(ti) = P(ti-) HT (H P(ti-) HT + RI -i (3-7c)
*A A A

x(ti + ) = X(ti') + K(tI) [3i - H 1(ti-)) (3-7d)

P(ti + ) = P(ti-) - K(t i ) H P(ti-) (3-7e)

The Kalman filter is Inserted into the loop as shown

-* in Figure 3-1. The outputs of the filter are fed into the

optimal deterministic controller, replacing the actual

state I(ti) that was assumed accessible during that

controller's derivation, which yields the control vector

u(ti).

3.3 Effects of Kalman Filtering on Robustness

Robustness is the ability of a system to maintain

stability and/or performance in the presence of variations

from design conditions (26). Full-state feedback

controllers designed via LQ technique, while varying in the

degree of robustness, all attain at least a minimum

guaranteed stability robustness. When the states of the

controller's system are estimated by a Kalman filter, much

of the robustness and all of the guarantees are eliminated.

The desire in multivariable flight control design is to

achieve a controller that will provide both stability and

33



S6.

6u 00

w 0 C6

zz

-a 4C
cN.

00

U~Z -

3< 34



;->'. performance robustness In the face of uncertainties In the

system, and at least stability robustness In the presence

of massive changes in system characteristics (211. These

changes may result from, for instance, mismodelling of the

system, Ignored actuator dynamics, nonlinearities, or

failure of control surfaces.

3-4 Robustness Analysis

In this research, robustness analysis was conducted by

using proposed controllers in simulated, linear and

nonlinear "truth-modela environments. Figure 3-2 shows the

basic form of these simulations, where the truth model

differs In structure between the linear and nonlinear

simulations, but the controller does not. The linear

simulation was a covariance analysis using the program

PFEVAL written by Lt. A. Hoseley for his AFIT thesis (25).

The results of this analysis are the root mean square (rms)

values of the state values and control inputs. For a

linear system, the covariance analysis is preferred as a

single run of the covariance analysis yields the statistics

required for controller evaluation, but, in the face of

nonlinearities, a Honte Carlo study is required (191. This

was the purpose of the nonlinear simulation which allowed

for the saturation of actuators, as well as unmodelled

higher-order dynamics, and also variation In the parameters

that were used in the design of the controller.

The tool used for the nonlinear simulation was
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. ;-:2: originally developed by Major William Miller [241 and was

modified by Lt. Robert Houston and this author.

Originally, the program ODEACT was hardwired for the AFTI

F-16 and did not allow for the inclusion of a Kalman filter

in the evaluation. The modifications to the program,

renamed ODEF15, include hardwiring of the program for the

STOL F-15 and possible inclusion of a Kalman filter with

Monte Carlo analysis. The actual modifications and a list

of the computer code are included in Appendix A.

3-5 Robustness Improvements

Two methods are used In this research to improve the

robustness of the controlled system. The first, implicit

-.-. model following, is Involved directly In the design of the

deterministic optimal full-state feedback controller and

was discussed in Chapter 2. The second is the Doyle and

Stein technique for tuning the Kalman filter to recover

robustness characteristics of a full-state feedback design.

In their paper "Robustness with Observers" [91, J. C.

Doyle and Gunter Stein develop a technique for robustifying

a controlled system that is fed estimates of states from an

observer or state estimator. Assumptions of

controllability, observability, and minimum phase of the

system design model are made and only continuous time

systems are considered. The basic claim for this technique

is that, if the mappings of the return difference matrices

(the multiple-input, multiple-output analog to the
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, ,*-.. denominator of the single-input, single-output closed-loop

transfer function) of the observer-based controller are

asymptotically equal to those of the full-state feedback

controller when the control loops are opened at the point

of entry of the control inputs, then the robustness of the

.-I controller will asymptotically approach that of the

full-state feedback controller.

Previous AFIT papers (15,17,21J have extended the

Doyle and Stein technique to discrete-time measurements and

-" have attempted to use this method in conjunction with a PI

. controller. The technique was successfully applied to a

discrete-time regulator, but could not beneficially be

implemented with a PI controller. The discussion of the

discrete-time methods below involves an approximation to

* ,the continuous-time case and these mehtods are set up for

robustness enhancement of regulators as opposed to PI

controllers.

To implement the Doyle and Stein technique, the

GdQdGdT matrix of Equation (3-7b) is modified such that Gd

, is now set to the identity matrix, I, and:

Qd(q) = Qdo + q2 Bd V BdT (3-8)

where Qdo is the original noise covariance as was defined

U in Equation (2-4), q is a scalar variable that is a

function of the amount of robustness enhancement desired,

and V is a positive definite symmetric matrix, often set to

. the identity matrix, 1. This can be interpreted as adding a

noise of strength q2 V at the control entry points. The

er.. 38



modified GdQdGdT Is now Inserted into the Kalman filter

equations. The resultant controller formed, as a cascade

of a PI controller and the Kalman filter, should be more

robust than the same type controller without the purposeful

retuning of the filter. Note that when q is zero, the

GdQdGdT is unchanged and that, for large (but finite) q,

Equation (3-8) might be replaced with q2BdVBdT alone.

43-6 Summary

This chapter briefly introduced the Kalman filter and

* discussed the negative effects of inclusion of the filter

on robustness. A methodology was introduced that consists

of developing a highly robust full-state feedback law by

,the Implicit model following techniques of the previous

chapter, and then recovering much of the robustness once a

" filter is inserted into the loop by a specific form of

filter tuning.

In the next chapter, the methods of performance

analysis will be presented.
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IV. P-15 FLIGHT CONTROL DESIGN

4-1 Introduction

In this chapter the dynamic equations for the Short

Takeoff and Landing (STOL) F-15 viii be presented and used

to assemble a truth model and the reduced order models

required for flight control design. To allow for the use

of battle damaged runways, an aircraft must have STOL

capability. To this end, it has been proposed that

two-dimensional nozzles be retro-fitted to an F-15 along

with the addition of canards. The addition of the thrust

vectoring nozzles and control surfaces provides an extra

degree of freedom to the control engineer in his design of

the control laws for the aircraft. This allows him to

develop a control system that will minimize the approach

velocity and provide precision touchdown capability.

The design of a flight controller begins with the

aircraft nonlinear equations of motion, which are

linearized about specified points in the flight envelope

and thus provide a number of design models which are

adequately characterized as linear and time-invariant. The

data provided for the design was from the McDonnell Douglas

Aircraft Corporation (HcAir) through ArWAL/FIGX (231.

4-2 Reduction of Aerodynamic Data

The data obtained from HcAir was in the form of raw

aerodynamic data. This data was entered into a version of

• "the Conversion and Transformation Program (CAT), developed
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originally by Mr. A. Finley Barfleld (3] for the AFTI F-16

aircraft and modified by Capt. Greg Mandt, Lt. Bruce

Clough, and this author to conform to the control surfaces

and dimensionality available with the STOL F-15. A listing

of the software code, now called STOLCAT, and a

representative run of the program are given in Appendix B.

This program takes the basic aerodynamic and aircraft data

and forms a state-space representation for the system for

the point about which the equations of motion have been

linearized.

For the design of a robust controller for the approach

and landing phase, the flight condition of 119 knots (200

feet per second), at sea level, with an aircraft gross

weight of 33,576 pounds was chosen as the equilibrium. For

all controller design and robustness checks, it was assumed

that the aircraft was known with probability one to be In

the appropriate equilibrium flight condition at time to.

This point is especially important for the covariance

analysis as it establishes the initial values for the

covariance matrix. It also gives the initial conditions

for the Monte Carlo studies.
For robustness studies, it was necessary to obtain the

linear perturbation models for other points in the flight

envelope. These models are used as truth models in the

. software employed to evaluate the controller design and are

1-7 "shown in Appendix C.
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4-3 Design Model

In the design of a controller for the specified flight

condition, modifications were required to the state-space

representation acquired from STOLCAT, as the output from

STOLCAT provides inputs from each control surface to each

state vector element. These modifications involved

achieving the proper dimensions for the control input

matrix and specifying the output matrix. Due to softvare

limitations, the number of inputs must equal the number of

outputs, and also due to the desire to keep the results of

this study comparable to thesis efforts on the same problem

using Qualitative Feedback Theory [71 and the Porter method

(11, a three-input/three-output system is used. This is a

restriction on design latitudei that need not be levied on

the LQG design approach to this problem. The expected

result of this restriction is a sub-optimal controller when

compared to one designed using a greater number of inputs

and outputs (as is seen in Appendix D).

The appropriate output variables for an approach and

landing for a STOL aircraft, or any aircraft vhere landing

roll-out is a critical factor, are flight path and

velocity. Previous research has determined that

controlling the pitch rate along vith flight path angle and

velocity, yields a better controller [4,51. In this

design, these output variables are to be controlled by the

canards, (tied aerodynamically to the flaps and ailerons to

limit the control inputs), the stabilator, and the reverser
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vanes in the engines. To reduce effects of nonlinearities

and to simplify the analysis of the controller, the

combination of the canards with the flaps and ailerons is

done so that an input that would saturate a control surface

would saturate all six surfaces at the same time. This was

accomplished by scaling the appropriate entries in the

control input matrix. The procedure for this combination

and scaling are shown in Appendix E.

The resulting design model is a four-state, time

Invariant model of the form

= Ax + Bu + w (4-i)

where the state vector A has components

.- . xI a velocity (feet per second)

x2 N pitch rate (radians per second)

x3 a pitch angle (radians)

x4 a angle of attack (radians)

and the control inputs are:

uI * canard/flap/aileron deflection

u2 a stabilator deflection

u3 * reverser vane deflection (4-2)

and the elements of the noise vector w are the noises

affecting the associated state variables. The system

matrices are
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-6.9009 X 102 -40.16 0.3352 -31.54

-3.6036 X 10-4 -0.9913 1.367 0
A (4-3)

9.2254 X 10-6 0.9796 -0.6392 -3.233 X 10- 2

0 1 0 0

-1.142 -3.238 -21.86

0.8710 -1.578 -2.507 X 10-2

-5.209 X 10- 2 -7.6686 X 10-2 0

0 0 0

with Q, the strength of the noise w, set initially to zero.

The output equation defining the variables over which

:r contr6l is specifically sought, is

Zc= C_ (4-5)

here

1 0 0 0

C 0 1 0 0 (4-6)

D.0 0 -1 1

which yields the outputs of velocity, pitch rate, and

flight path angle. For this research, it Is assumed that

* noisy measurements of all of the elements of the controlled

variable vector are available. Therefore, in the

measurement equation

z- z =H + v (4-7)

where the measurement matrix H is equal to the ouput matrix

C and the strength of the zero-mean, white Gaussian noise

* -vector ] is
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[4.76 10 0 0

R = 0 1.22 x 10-5  0 (4-8)

0 0 3.22 x 10-5

As sensor noise data for the STOL F-15 was not available,

the values above were taken from Reference I1.

This model was input into the computer aided design

tool developed by Floyd (111 and Moseley (251 and as

modified by Miller (241. It served as the basis for the

controller design and the initial evaluation of the

controller, as this tool could only evaluate the full-state

feedback controller or the filter against the truth model,

but not the combination of the controller and the filter.

4-4 Explicit Command Model

The function of the explicit command model In this

application is to specify the desired handling qualities

for the aircraft. From Mil-F-8785C (21, the short period

response in the landing and approach phase should exhibit a

damping ratio between .35 and 1.3 with a frequency range,

for the angle of attack values involved, of .87 to 4.1

radians per second. These values are incorporated directly

into the explicit command model along with the desire to

command a zero net change in velocity and pitch rate.

Therefore the command model takes the form

in = Ami + Bmm (4-9)

with

xml = commanded velocity
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12 - commanded pitch rate

xm3 = commanded flight path angle

xm4 = commanded rate of change of flight path angle

and with um equal to a unit step used to define the desired

second- order response in flight path angle. In this

model, Am and B. are:

0 0 0 0

0 0 0 0

Am = (4-10)
0 0 0 1

0 0 -16 -5.6

4 0

0? e~m = (4-11)

0

16

The commanded output variables for this application are the

velocity, the pitch rate, and flight path angle, with

velocity and pitch rate commanded to zero and the flight

path angle to follow the handling qualities characterics

specified above. This yields an output equation of

Im = CMAM (4-12)

and

1 0 0 0'

Cm  0 1 0 0 (4-13)

L0 0 1 0j
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4-5 Imoliclt Command Model

As was discussed In Chapter 3, the purpose of the

Implicit model Is to enhance the robustness characteristics

of the controller and, to accomplish this, the elgenvectors

of the closed-loop system must be kept as orthogonal as

possible. The implicit control command model obeys the

same form of state and output equations as the explicit

command model, but with Im set equal to the outputs of the

design model, namely velocity, pitch rate, and flight path

angle, and

-I 0 0]
Am 0 -H2  0 (4-14)

0O 0 -M3J

and B., Cm, and Dym are set to zero as they have no effect

upon the implicit model. Note that the choice of a

diagonal Am yields orthogonal eigenvectors. The values for

* M1 , K2 , and H3 are determined Iteratively and have a direct

consequence on robustness. This iteration process will be

seen in detail in the next chapter.

4-6 Trgth Models

The initial truth model used for this design problem.4

was simply the design model. To test the system more

realistically, a nine-state truth model was developed with

the additional states resulting from the addition of

* -actuator dynamics. The actuators for the canards and

stabilators were originally given as third order, but an
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analysis of the dynamics of the actuators (shown in

Appendix E) using the CAD package TOTAL (161, indicated no

significant difference between the response using the third

order actuators and a second order approximation. The

resultant truth model used for controller evaluation is

it - Atxt + Bt-t + wt (4-15)

where xti through xt4 are the original states of the

system, xt5 and xt6 are actuator states Involving canard

deflection, xt7 and xt8 are actuator states for the

stabilator, and xt9 is for the reverser vanes. The

defining matrices of Equation (4-15) are:

All A12  A13  A14 I B 1  0 B e1 2  0 ' B13

A21  A22  A23  A24  B2 1  0 B22  0 B2 3

A31  A32  A33  A34 1B 31  0 B32  0 B33

A41  A42  A43  A44 IlB4 1  0 B42  0 B43

At 0 0 0- 0 1 0I I

0 0 0 0 -8356 -303 0 0 0....- - - - - -- --.... i -

0 0 0 0 10 0 r 0 1 0

0 0 0 0 0 0 8356 -303 1  0

0 0 0 0 0 0 90 0 "8

(4-16)

------------------------

Bt * 8356 0 0 (4-17)

0 0 0

0 8356 0

0 0 89
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- with 2 a 5 3 zero matrix. As with the design model,

initially the noise strength, Qt, associated with wt was

set to zero. In the At matrix, the values of Axx and B1x

are the respective matrix elements of the A and B matrices

for the design condition, or the appropriate flight

condition in the case of robustness tests.

4-7 Desian Methodology

The design of the flight controller was accomplished

in several steps using the CGTPIV software that was

developed by Floyd [111 and Moseley [251 and modified by

Miller (241. The first step involved developing a CGT/PI

full-state feedback controller without implicit model

following, but with explicit model following, and

evaluating the controller with respect to an environment as

produced by the design model. The next step was to Include

an implicit model in the design process, but still only

evaluate the resulting controller with respect to the

design model. Next the controllers were tested against the

truth model for the design condition, and finally

uncertainty was added to the problem in the form of the

dynamics noise In the system and Imperfect noise-corrupted

measurements to replace the artificial access to all

states. The latter aspect led to the development of the

Kalman filter. The outputs from CGTPIV, namely a CGT/PI

_ controller and a Kalman filter, were then cascaded, and the

resulting controller was evaluated using PFEVAL, a
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• covarlance analysis package developed by Moseley C251 that

assumes a linear truth model, and using OE15, a

modification of the Monte Carlo analysis tool ODEACT

developed by Miller C241 that permits nonlinearities (as

particularly saturations) in the truth model definition.

The actual designs and analysis will be covered in detail

in the next chapter.

4-8 Summary

This chapter introduced the models used to develop the

flight controller for the STOL F-15. The design, explicit

command, implicit command, and truth models were discussed.

The methodology employed in the design process was outlined

as a preview for the next chapter.

.5

-V

J.
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V. ANALYSIS OF DESIGN RESULTS

5-1 Introduction

This chapter presents an analysis of the results of

this study. The first section deals with the software used

to evaluate the designed controllers. Then, the design

path Is presented in chronological order, with an analysis

of the resulting controller. Finally, attempts at

robustness enhancement, using the Doyle and Stein LTR

technique, are discussed.

* 5-2 Performance Analysis Tools

The controllers designed in this study were evaluated

using two software analysis tools developed in previous

~jAAFIT theses (and briefly Introduced In Chapter 4). The

first of these is PFEVAL, an interactive software tool used

to conduct performance evaluations of linear sampled-data

controllers against linearized models of realistic

environments. The second is a modification of ODEACT, an

Interactive program that was originally written to account

for actuator nonlinearities in the simulation of the

real-world environment and to allow the addition of

anti-windup compensation.

* 5-2.1 PFEVAL

PFEVAL was written by Moseley (251 to allow for the

evaluation of stochastic controllers that was not available

with CGTPIF C111, namely the evaluation of a filter/
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S.. controller cascade as tested against a higher order "truth

model' (Fig. 3-2). To accomplish this, he ammended CGTPIF

so that data required for performance evaluation would be

saved in the output file. This output file could then be

used as a data file In PFEVAL. PFEVAL, with the initial

covariances for the truth states and control inputs

supplied by the user, performs evaluations of the

controller with and without the filter embedded. The

output of PFEVAL is a time history, for fifty sample

periods, of the standard deviations of all truth states and

* control inputs for the controller, with and without the

* filter, and a list of final estimation error covariances for

both.

5-2.2 QRI1
ODEFI5 is a modification of the nonlinear simulation

package ODEACT, originally written by Miller (24). The

initial version of this program was used to extend the

analysis of a controller, designed via CGTPIF, to include

nonlinear effects generated by the inclusion of actuator

saturations, specifically for the AFTI F-16. For the

purpose of this research, the program was modified, and

renamed ODEFIS , to allow for the actuator saturation

nonlinearities of the STOL F-15, the possible inclusion of

a Kalman filter with Monte Carlo analysis, and the output

of CALCOMP plots. A listing of the ODEFI5 code and a

sample run of the program are included in Appendix A.
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The gain matrices for controllers and filters

designed with CGTPIF are entered interactively into ODEF15

along with the continuous-time system matrices of Equations

(4-3), (4-4), and (4-6), the discrete-time Ed and Bd, which

are outputs of CGTPIF, and the strength of the measurement

noises, as given in Equation (4-8). The program is set up

to perform Interactive simulation runs with or without the

inclusion of the Kalman *ilter, rate and position limits,

actuator dynamics, and anti-windup compensation.

.

5-3 Controller Design

* The controller design, using CGTPIF, is done in a

building block fashion. Initially, the state-space

matrices, A, B, and C, of Equations (4-3), (4-4), and

(4-8), are entered into CGTPIF. As the design system is

unstable, an open-loop CGT design is not feasible, so a PI

controller is first designed and then the closed-loop CGT.

This initial design is accomplished without implicit model

following and Is not evaluated against a truth model. The
C..

initially chosen values for the weighting matrices were

* based upon the physical characteristics of the plant. In

the case of the output deviation weights, since the main

concern is for the control of flight path angle, it was

initially weighted with a coefficient of three as compared

to one for the velocity and pitch rates. As the

canard/flap/aileron combination and the stabilator are

oE .limited to approximately the same amount of deflection from
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the equilibrium and the reverser vanes can move almost

twice as much, the control magnitude weights are

initialized at two, two, and one respectively. The control

v-' rate weights are set initially at eight to four to one for

the canard/ flap/aileron combination, stabilator, and

engine reverser vanes respectively, as this is the ratio of

the maximum deflection rates for these surfaces. Another

choice for the weightings (201 would be to use the square

of the differences in "concern," position limits, or rate

limits, but as these are only the starting points for a

control weight tuning process, the weightings listed in

this paragraph are used. This design yields:

r .0081849 5.182 -22.8 .0926151

KK = .042 -13.34 259 .10 (5-1)

S-1.977 2.927 3.780 .034236

S.014268 1.038 .4107

Kz = -.0034988 -1.628 -.5825 (5-2)

-1.5333 -.089242 -.063284-

in the controller of Equation (2-68). Next, a design of

.0 the CGT is pursued with the explicit model as shown in

Section 4-4. This design yields:

A./r .0083856 -25.19 -.2480 -.090792]

K m = .044515 22.16 .5140 .099918 (5-3)

L-1.980 4.165 -1.385 .010521]
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" Kxu = -. 427 (5-4)

; 2046j

in the controller of Equation (2-68), where:

KKR = KzAII + A 2 1  (5-5a)

Kxu = KzA 12 + A2 2 (5-5b)

Printouts of the time response of the output variables and

the control deflections with the initial CGT/PI full-state

feedback controller are shown in Figures 5-1 and 5-2. It

bJ can be seen that the flight path angle is slow, for a

fighter type aircraft, to attain the commanded value of a

five degree downward flight path. The controller is

otherwise well behaved as it neither violates nor

approaches any physical constraints of the system. Further

iterations in this step of the design process led to the

use of the following weights for the cost function of

Equation (2-5): for output deviations, 1:1:25 for velocity,

pitch rate, and flight path angle, respectively; for

command input magnitude deviations, 10:3:1 for the

canard/flap/aileron combination, stabilator, and reverser

vanes, respectively; and for command input rate deviations

for the canard/flap/aileron, stabilator, and reverser

vanes, 60:30:1, respectively. These weights are to be used

in the next step in this process. Figures 5-3 and 5-4 show

a time history for the output variables and the control

deflections for this controller. This controller exhibits

'- a much faster settling time with approximately the same
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4, INITIAL CONTROLLER

0.00 3 + + + + 2 1 +
.20 + + 3 + 2 + 1 + +
.40 + 3 + +1 2+ +
.60 + + 3 +1 + 2 + +
.80 + +1 + 2 3 + + +
1.00 + 1 + 2 + + 3 + +
1.20 +1 2 + + + 3 +
1.40 12 + + + + 3 +
1.60 2 + + + + 3 +
1.80 +2 ; : : :+: : : : : :+: : : : :+3 : :+
2.00 + 2 + + + 3 +
2.20 + 12 + + + 3+ +

- 2.40 + 1 2 + + + 3+ +
2.60 + 1 2 + + + 3+ +
2.80 + 1 2+ + + 3 + +
3.00 + 1 2 + + 3 + +
3.20 + 1 + 2 + + 3 + +
3.40 + I + 2 + + 3 + +
3.60 + 1+ 2 + + 3 + +
3.80 + : : :1: 2 : :+: : : :+: 3 :+: : : : :+
4.00 + 1 2 + + 3 + +

* 4.20 + +1 2 + + 3 + +
4.40 + +1 2 + + 3 + +
4.60 + +1 2 + + 3 + +
4.80 + + 1 2+ + 3 + +
5.00 + + "+ + 3 + +
5.20 + + 1 2+ + 3 + +
5.40 + + 1 2 + 3 + +
5.60 + 1 2 + 3 + +
5.80 : 1: :+: :+2 :+: :3: :+: : : +
6.0G + +2 3 +
6.2C f+ 1 +2 + 3 + +

40 + + 1 +2 + 3 + +6. 6. 1 +2 + 3 + +
6. 2; +. t I 2 3 + +

+ + I 2 + 3 + +
. I + 2 + 3 +

7+4 + + 3 +
7.60 f 3:' ' 7~7.[L J: 3 :+: 1 :: :+:Z: : ::: :3: :+: : + :

8.00 + + I + 2 + 3 + +
1.o +2I + 3

r 8.40 + + 2 + 3 + +
8.60 + + 1 +2 + 3 + +
8.80 + + + + 3
9.00 + + +Z + 3 + +
9.2C + + + 2 + 3 + +
9.40 + + 2 + 3 + +
9.60 + + I + 2 + 3 + +
9.80 . : : : : : 1: : : : 2 : :+: : :3: :+: : :
10.00 + + 1 2 + 3 + +

,SCALI I -. 240) -. UO -. 1400 -.0900 -.G400 .j100
SCALE " -.1 U , -. 1130 -.0 00 -.0500 -. 0,00 .0100
SCALE 3 C OuY.. 0o .600 .0900 .1200 100

Figure 5-1. Output Variables for Initial Controller
* -  (1) Velocity (fps) (2) Pitch Rate (rad/sec)

(3) Flight Path Angle (rad)
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pI

'g 1 INITIAL CONTROLLER

0.00 + + + + + 21 3
.20 + + + +2 1 + 3 +
.40 + 1 + + + 2 + 3 +
.60 ++ 2+ + + 3 +
.80 + 2 + 1 + + + 3 +
1.00 2 + + 1 +3 +
1.20 2 + + + 3 +1 +
1.40 + 2 + + + 3 + I +
1.60 + +2 + + 3 + 1+
1.80 +: :: : : :2:+: 3+: : : : :+: : : : 1+
2.00 + + + 2 3 + + 1+
2.20 + + + 3 2 + + 1+
2.40 + + 3 2 + 1 +
2.60 + + 3 + + 2 + 1 +
2.80 + + 3 + + 2 + 1 +
3.00 + + 3 + + 2 + 1 +
3.20 + + 3 + + 2 + 1 +
3.40 + +3 + + 2+ +
3.60 + 3 + + 2+ 1 +
3.80 +: : : 3+: :4 : :+: : :2: :1: :+
4.00 + 3 + + + +2 1 +

* 4.20 + 3 + + + +2 1 +
4.40 + 3 + + + + 2 1 +
4.60 + 3 + + + + 2 1 +
4.80 + 3 + + + + 2 1 +
5.00 + 3 + + + + 2 1 +
5.20 + 3 + + + + 2 1 +
5.40 + 3 + + + + 2 1 +
5.60 + 3 + + + + +~5.80 +:!,: : : :+: : : : :+: : : :+: : : : :+: :2 : :+

6.00 + 3 + + + + 2 1 +
6.410 +3 + + + 21 +
6.40 +3 + + + + 2
6.60 +3 + + + + 2

7.00 +3 + + + + 21 +
7.20 +3 + + + + 21 +
7.40 3 + + + + 21 +
7.60 3 + + + + 21 +
7.JC 3: :+: : : : :+: : : : :+: : : : :+: 21: :+
8.00 3 + + + + +
8.-I0 3 + + + + 21 +

8.60 3 + + + + 21 +
8.80 3 4 + + + 21
9.00 3 + + + + 21 +
9.20 3 + + + + + +
9.40 3 + + + 21 +
9.60 3 + + + + 2 +
9.30 3 ::: :+: : . : :+: : Z"l: :+

10.03 3 + + 21 +
SCALE 1 -.0140 -.0110 -.0080 -.0050 -.0020 .0010
SCALE 2 -.0320 -.0250 -.0180 -.0110 -.0040 .0030
SCALE 3 -.0870 -.o90 -.05IC -.0330 -.0150 .0030

Figure 5-2. Control Deflections for Initial Controller
(1) Canard (2) Stabllator (3) Reverser Vanes
(radians)
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CONTROLLER WITHOUT IMPLICIT MODEL FOLLOWING

0.00 + + + + 12+ 3 +
.20 + + + 1 2 + + 3 +
.40 + I + + 2 + + 3 +
.60 +1 + 2 + + + 3 +
.80 + 21 + + + + 3 +

1.00 2 + 1+ + + 3 +
1.20 2 + + +1 +3 +
1.40 + 2 + + + 3 1 +
1.60 + + 2 + + 3 + I +
1.80 +::: :+:::: :+: 2: :3:+:. ..: :+:::.1 :+
2.00 + + + 3 +2 + I +
2.20 + + 3 + + 2 + I+
2.40 + + 3 + + + 2 1 +
2.60 + 3 + + + 1 2 +
2.80 + 3 + + + + 1 2+
3.00 + 3 + + + +1 2+
3.20 + 3 + + + 1 2+
3.40 +3 + + + 1+ 2+
3.60 3 + + + I + 2 +
3.80 3::......+:.: : ::::: :+::: :1:+:: :2:+
4.00 3 + + + I + 2 +
4.20 3 + + 1 + 2 +
4.40 3 + + + 1 + 2 +
4.60 3 + + + I + 2 +
4.80 3 + + + 1 +2 +
5.00 3 + + + 1 2 +
5.20 +3 + + + 1 2 +
5.40 +3 + + + 1 2+ +
5.60 +3 + + + 1 2+ +
5.80 +:3: : :4:+: .: ...: ..+: : : ::+ : : 12:+: :+
6.00 + 3 + + + 12 + +
6.20 + 3 + + + 12+ +
6.40 + 3 + + + 12 + +
6.60 +3 + + + 12+ +
6.80 + 3 + + + 12 * +
7.00 + 3 + + + 12 + +
7.23 + 3 + + + 2 + +
7.40 + 3 + + + 12+ +
7.60 + 3 + 12+ +

7.80 +:3: : : :+: : + : : : : :12+: : : : :+
8.00 + 3 + + + 12+ +
8.20 + 3 + + + 12+ +

12+:::

8.40 + + + + 12

8.60 + 3 + + + 12+ +
... 8.80 + 3 + + + 12+ +
'%9.00 + 3 + + + 12+ +
""9.20 + 3 + + + 12+ +
" ,9.40 3 + + +12+

9.80
10.00 + 3 + + + 12+ +

SCALE 1 -.0190 -.0140 -.0090 -.0040 .0010 .0060
SCALE 2 - .0670 -.0500 -.0330 -.0160 .0010 .0180
SCALE 3 -.0920 -.0730 - .0540 - .0350 - .0160 .0030

Figure 5-3. Output Variables for Controller Without
Implicit Model Following
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CONTROLLER WITHOUT IMPLICIT MODEL FOLLOWING

0.00 3 + + + 2 t1 +
.20 + 3 + + 4 2 + 1 +
.-40 + 3 t + 2 + +
.60 + + 3 + + I + 2 +
.80 + + + 3 + I ++2

1.00 + + + +1 23 + +
1.20 + + + 2 1+ 3+ +
1 .40 + + 2 + I + +3 +
1 .60 + 2+ + I + 3 +
1.80 +: :2: :4 : : 1 :4 : : :+: : :3:-i: : : : : :+

2.00 + 2 + 1 + + +
5*"" 2.20 +2 1+ + f3 t +

".40 +_ 1 + + 3 + +
L.60 + 2 + 3 + + +
2.80 + 1. + + 3 + + +
3.00 +1 2 + 3

3.20 1 2 + 3 + + +
',""3.40 1 2 + 3i- + ±

2.60 1 2+ 3+ + ± +. . . . .1 : . . . .:3 :+ : : : + : : :: :+ : : : : :+

4.00 1 +" 3 + + + +
4.20 1 + 2 3 + + + +
4.40 +1 + 2 3+ + + +
4.60 +1 + 2 3+ + + +
4.80 +1 + 2 3+ + + +

" " . 5.00 + 4 2 3-'+ + +
5.20 + 1 + 2 3+ + + +
5.40 + I + 2 3 + + +
5.60 + 1 + 2 3 + + +
5.80 +: : : :+: :2: : :3: : : : :+: : : : :+: : : : :+
6.00 + 1 + 2 3 + + +
6.20 + 1 + 2 3 +
6.40 + 1 + 2 3 + + +
6.60 + 1 + 2 3 + + +
6.80 + 1 + 2 3 + + +
7.00 + 1 + 2 +3 + + +
7.20 + I + 2 +3 + + +

7.40 + I + 2 +3 + + +
7.60 + I + 2 +3 + + +
7.80 +: : : : : :2: : :3: : : : :+: : : : :4: : : : :+

8.00 + 1 + 2 3 + + +
8.20 + 1 + 2 3 + + +
8.40 + I + 2 3 + + +
8.60 + 1 + 2 3 + + +
8.80 + I + 2 3 + + +
9.00 + 1 + 2 3 + + +
9.20 + 1 + 2 3 + + +
9.40 + 1 + 2 3 + + +
9.60 + I + 2 3 + + +
9.80 +: : : :+: :2: : :3: : : : :+: : : : : : : : : +

N.10.00 + I + 2 3 + + +
SCALE 1 -. 2500 -. 1900 -. 1300 -.0700 -.0100 .0500

- SCALE 2 -. 1700 -. 1200 -.0700 -.0200 .0300 .0800
SCALE 3 0.0000 .0500 .1000 .1500 .2000 .2500

Figure 5-4. Control Deflections for Controller Without
Implicit Model Following
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amount of control energy as the Initial controller. This

performance is somewhat misleading as the controller is

,4 being evaluated against a four-state Otruth model and

significant degradation in performance can be expected when

a higher dimension truth model is used.

This next step In the Iteration is to Include an
.

implicit model in the PI controller. The model used Is the

one in Section 4-5 with the diagonal elements all set to

negative five and the weights on the derivatives of the

outputs and the control pseudo-rates set to one. The

0 controller was developed with the same explicit model and

weightings as above with the resulting gain matrices:

.0093445 4.304 -22.82 .080089

Kx = .020574 -11.21 30.32 -. 1854 (5-6)

..3.571 1608 -2.932 .025107

[ -. 0043609 .9997 .5725 1

Kz = .0038191 -1.701 -. 7030 (5-7)

-. 4240 .1885 .0066257

.0095451 -26.11 -. 2610 -.091421

Kxm .020566 30.22 .6369 .1197 (5-8)

203.574 -6.22i -1.545 -.0185811

Kxu = -2.825 15-9)

6" .4060
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... Plots of the time response of the system outputs and

control inputs, now evaluated against the nine-state truth

model of Equation (4-15), are shown for this controller in

Figures 5-5 and 5-6. The addition of the truth model to

the evaluation introduces the effects of actuator dynamics

and will, therefore, have a negative impact on system

response compared to an evaluation against a "truth modelo

equated to the design model. While this controller shows

an improvement In settling time, both position and rate

limits for the canard/flap/aileron combination and rate

limits for the stabilator are violated. To alleviate these

problems, the implicit model is changed to reflect the

desire to slow down the inputs to these control surfaces,

lot which requires a trade-off in performance. The resulting

controller has the same explicit weighting matrices for the

performance index of Equation (2-72a) as the initial

controller, with the final implicit weights on output

derivatives set at 1:1:2 for the velocity, pitch rate, and

flight path angle, respectively, and the final implicit

control pseudo-rate weights at 2:2:1 for the

canard/flap/aileron combination, stabilator, and reverser

vanes, respectively. The implicit command model is:

u-.05 0 0]

Am 0 -.05 0 (5-10)

0 0 -. 5

The difference in the last element of Am is from the desire

to obtain a faster response in flight path angle than in
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CONTROLLER WITH IMPLICIT MODEL FOLLOWING

0.00 + + + + 1 +2 3 +
.20 + + 2 + I + + 3 +
.40 + I + + 2 + 3 +
.60 + + 2 +1 + + 3 +
.80 +2 + + + 1 + 3 +

1.00 2 + + + 1 3+ +
1.20 + 2 + + + 13 + +

1.40 + + 2 + 3+1 + +

1.60 + + + 3 21+ + +
1.80 +: :+: : :3: 1+: : 2 :+: : :+

2.00 + + 3 + I + 2 +
2.20 + + 3 + +1 + 2 +
2.40 + 3 + + I + 2 +
2.60 + 3 + + + 1 + 2 +
2.80 + 3 + + + 1 + 2 +

3.00 + 3 + + + I + 2 +
3.20 + 3 + + + 1 + 2 +
3.40 + 3 + + + 1 + 2 +
3.60 +3 + + + 1 + 2 +

3.80 +3 : : : :+: : : : :+: : : : :+: : : :4: :2: : +
* 4.00 3 + + + I + 2 +

4.20 3 + + + 1 + 2 +

4.40 3 + + + 1 + 2 +
4.60 3 + + + I + 2 +
4.80 3 + + + 1 + 2 +
5.00 3 + + + 1 +2 +
5.20 3 1- + + 1 +2 +
5.40 3 + + + 1 +2 +

* 5.60 3 + + + 1 +2 +
5.80 3: : : : :+ : : : : :+: : . :+: : :1: :+2 : : +
6.00 3 + + + 1 +2 +
6.20 3 + + + 1 +2 +
6.40 3 + + 1 +2 +
6.60 3 + + + 1 +2 +
6.80 3 + + + 1 +2 +
7.00 + + + 1 +2 +
7.20 3 + + 1 +2 +
7.40 3 + + + 1 +2 +

7.60 + 1 +2 +
7.JC .- : : : : : : : : : . . . :+: : : : :+2 : : : :

8.00 3 1 +2 +
8.20 3 + + 1 +2 +
8.40 3 + + + 1 +2 +

8.60 3 + + + +2 +
3.80 3 + + 1 +2 +
9.00 3 + + + 1 +2 +
9.20 3 + + + 1 +2 +
9.40 3 + + + 1 +2 +

9.60 3 + + + 1 +2 +
9.80 3::...................: .. : : :1: :+2 : : :+
1. " 10.00 3 + + + 1 +2 +

SCALE 1 -.0110 -.0080 -.0050 -.0020 .0010 .0040

SCALE ' -.0-70 -.020 -.0190 -.0100 -.0010 .0080
SCALE 3 - .0380 - .0700 -.0520 -. 0340 -. 0160 .0020

Figure 5-5. Output Variables for Controller With
Implicit Model Following
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" CONTROLLER WITH IMPLICIT MODEL FOLLOWING

0.00 3 + + + + 21 +
.20 + + 32+ + + I +
.40 + 3 + + + + 2 +
.60 + + 3+ 1 + 2 + +
.80 + + I + 2 3+ + +

1.00 + 1 2 + + 3 + +
1.20 + 2 + + + 3+ +
1.40 +2 + + + 3 + +
1.60 12 + + + 3 + +
1.80 1:2: :+: :+: : : :+3 : : +: :+
2.00 1 2 + + 3+ + +
2.20 1 2 + + 3 + + +
2.40 1 2 + + 3 + + +
2.60 1 2 + + 3 + + +
2.80 +1 2 + 3 + + +
3.00 +1 +2 + 3 + + +
3.20 + 1 + 2 - 3 + + +
3.40 + +2 + 3 + + +
3.60 + 1 + 2 +3 + + +
3.80 +: I : ::+: :2: : :+:3: : +: : .+: ..... :.:+: : . :+
4.00 + 1 + 2 + 3 + + +
4.20 + + 2 + 3 + + +
4.40 + 1 + 2 + 3 + + +
4.60 + 1 + 2 + 3 + + +
4.80 + I + 2 + 3 + + +
5.00 + 1 + 2 + 3 + + +
5.20 + I + 2 + 3 + + +
5.40 + 1 + 2 + 3 + + +
5.60 + I + 2 + 3 + + +
5.80 +: :1: :+: : 2 : :+:3: : +: :: .: .: ... : :+:.. . :+
6.00 + 1 + 2 + 3 + + +
6.20 + 1 + 2 + 3 + + +
6.40 + 1 + 2 + 3 + + +
6.60 t I + 2 + 3 + + +
6.s30 + + 2 + 3 + + +
7.00 # + 2 + 3 + + +
7.20 + 1 + 2 + 3 + + +
7.40 1 + 2 + 3 + + +
7.60 + + 2 3 + + +
7.80 F: :1: : :+: : 2 : :+:3: : : + : : : : : : : : :+
5.CO + 1 + 2 3 +. 1 + "2 + 3 + + +
8.40 + 1 2 + 3 + + +

8.60 * 1 2 + 3 + + +
8.80 + + 2 + 3 + + +
9.00 + I + 2 + 3 + + +
9.10 + 1 + 2 + 3 + + +
9.40 + I + 2 +3 + + +
9.60 + I 2 +3 + + +
9.80 +: :1: : :+: : 2 : :+:3: : : :+: : +: : : : :+
10.00 + 1 + 2 + 3 + + +

SCALE 1 -.4700 -. 3700 -.2700 -. 1700 -.0700 .0300
SCALE 2 -.2800 -.2200 -. 1600 -. 1000 -.0400 .0200
SCALE 3 0.0000 .0400 .0800 .1200 .1600 .2000

Figure 5-6. Control Deflections for Controller With
Implicit Model Following
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S .velocity or pitch rate. These values yield a controller

with gain matrices of:

r.024718 4.532 -12.55 .0724261
K1 = /.027933 -10.94 27.59 -.1744 (5-11)

L-3.404 1.466 -1.328 .020731]

.0031405 .5861 .3119

Kz =.011646 -1.405 -.6242 (5-12)

-.083988 .089413 .034607

[.1146.0467

.024932 -12.04 -.038514 -.04804

=z .027922 26.81 .5866 .1083 1(5-13)
-3.407 -4.205 -1.513 -.011917]

1.1401

-=. -2.578 (5-14)

:T]I .2606

Time response plots for this controller, given a five

degree nose-down flight path angle command, are shown In
Figures 5-7 and 5-8. This controller provides a reasonable

settling time with a very mild overshoot and violates none

of the physical constraints imposed upon the system. As

this design satisfies the desire for performance without

violating, or approaching, the limits of the system, it is

used for the analysis to follow.

a It is at this Juncture that the assumption of

. .full-state feedback Is replaced with the more realistic
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... FINAL CONTROLLER

0.00 + + + + 1 +2 3+
.20 + + + 2 + I + 3+
.40 + I + + 2+ + 3 +
.60 1 + 2 + + + 3 +
.80 + 2 1+ + + + 3 +
1.00 2 + + + + 3 +
1.20 2 + + + 1 +3 +
1.40 + 2 + + + 3+ +
1.60 + + 2 + + 3 1+ +
1.80 +: :+: : : : :2: 3+: : : :1:+: :+
2.00 + + + 3 2+ I + +
2.20 + + 3 + 2 + +
2.40 + + 3 + + 1 2+ +
2.60 + + 3 + + 2 +
2.80 + 3 + 1+ + 2 +
3.00 + 3+ + 1+ + 2 +
3.20 + 3 + + 1+ + 2 +
3.40 + 3 + + 1+ + 2 +
3.60 + 3 + + 1+ + 2 +
3.80 +:3: :+: : : : :+: : : : :1: : : : :+: : : 2 :+
4.00 +3 + + 1 + 2 +
4.20 3 + + +1 + 2 +

0 4.40 3 + + +1 + 2 +
4.60 3 + + + I + 2 +
4.80 3 + + + 1 + 2 +
5.00 3 + + + I + 2 +
5.20 3 + + + I + 2 +
5.40 3 + + + I + 2 +
5.60 3 + + + I +2 +

5.80 3: : :+: : :+: : : : :+: :1: :+:2: : : +
6.00 3 + + + I + 2 +
6.20 3 + + + 1 +2 +
6.40 3 + + + 1 +2 +
6.60 3 + + + 1 +2 +
6.80 3 + + + 1 +2 +
7.00 3 + + + 1 +2 +
7.20 3 + + + 1 +2 +
7.40 +3 + + + 1 +2 +
7.60 +3 + + 1 +2 +
7.80 +3 : : : : : : : : : :+: : 1 : :+2 : : +
8.00 +3 + + + 1 +2 +
8.20 +3 + + + 1 +2 +
8.40 +3 + + + 1 +2 +
8.60 +3 + + + + +2 +
8.80 +3 + + + 1 +2 +
9.00 +3 + + + 1 +2 +
9.20 +3 + + + 1 +2 +
9.40 +3 + + * 1 +2 +
9.60 +3 + +2 +
9.80 +3 :::+:::::+: *:::+:. : :+2 : : :+

10.00 +3 + + + 1 +2 +

SCALE 1 -.0140 -.0100 -.0060 -.0020 .OOZO .0060
SCALE 2 -.0500 -.0380 -.0260 -.0140 -.0020 .0100
SCALE 3 -.0890 -.0710 -.0530 -.0350 -.0170 .0010

Figure 5-7. Output Variables for Final Controller
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FINAL CONTROLLER

0.00 3 + + + 2 1 +
.20 + + 3 2 + + I +
.40 + 3 + + + 1 + 2 +
.60 + + 3 + +1 + 2 +
.80 + + + 3 + 2 + +

1.00 + + + 1 2 + 3 + +
1.20 + + 2 + + 3 +
1.40 + 2 1 + + + 3 +
1.60 + 2 + I + + + 3 +
.80 *:2: : : 1+: : : -. :+: : : : :+: : : : :+3 : : : :+

2.00 +2 1 + + + 3+ +
2.20 2 1 + + + 3 + +
2.40 +2 1 + + + 3 + +
2.60 + 2 + + + 3 + +
2.80 + 12 + + 3 + +
3.00 +1 2 + + 3+ + +
3.20 +1 2 + + 3 + + +
3.4n +1 2 + + 3 + + +
3.60 +1 2 + + 3 + + +
3.80 +1 : : : 2+: : : : :+: : 3 : :+: : : : :+: : : : :+
4.00 +1 2 + 3 + + +
4.20 +1 +2 + 3 + + +
4.40 + I +2 + 3 + + +
4.60 + 1 +2 + 3 + + +
4.80 + + 2 + 3 + + +
5.00 +1 + 2 + 3 + + +
5.20 + I + 2 + 3 + + +
5.40 + 1 + 2 + 3 + + +
5.60 + 1 + 2 + 3 +
5.80 +:t : : : +: :2: : :+: : 3 : :+: : : : :+: : : : :+

6.00 + I + 2 + 3 + + +
6.20 + 1 + 2 + 3 + + +
6.40 + I + 2 + 3 + + +
6.60 + 4 + 2 + 3 + + +
6.80 + I + 2 + 3 + + +
7.00 + 1 + 2 + 3 + + +
7.20 + I + 2 + 3 + + +
7.40 + I + 2 + 3 + + +
7.60 + I + 2 + 3 + + +
7.80 +: :: :+: 2 : :+: : 3 :+: :+: :+
8.00 + 1 4 2 + 3 + + +
8.20 + I + 2 + 3 + + +
8.40 + 1 + 2 + 3 + + +
8.60 + 4 + 2 + 3 + + +
8.80 + 1 + 2 + 3 + + +
9.00 + 1 + 2 + 3 + + +
9.20 + 4 + 2 + 3 + + +
9.40 + 1 + 2 + 3 + + +
9.60 + 1 + 2 + 3 + + +
9.80 +: :: ::2:: :+: : 3 .+- -... + . : :+
10.00 + I + 2 + 3 + + +

SCALE 1 -. 2600 -. 2000 -. 1400 -.0800 -.0200 .0400
SCALE 2 -. 1600 -. 1200 -.0800 -.0400 .0000 .0400
SCALE 3 0.0000 .0400 .0800 .1200 .1600 .2000

Figure 5-8. Control Deflections for Final Controller
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assumption of Incomplete/imperfect measurements and the

addition of a Kalman filter. For this purpose the

measurement matrix H and the sensor noise matrix R, shown

in Section 4-3, are included in the design model (and also

in the truth model). In addition, the G and Gt matrices

are included in the design and truth models, respectively.

In both cases they are Identity matrices of the appropriate

dimension. Initially, noises are associated with the angle

of attack and pitch rate and their strengths are set to

unity as a first guess, and, after numerous iterations

between CGTPIF and ODEFIS, to attain the desired

performance both took on the value of .0001. With these

* .additions to the design and truth models, It Is possible to

design and evaluate a Kalman filter using CGTPIF. After a

number of iterations to attain good estimation precision

and controller performance at *on-designo conditions, the

CGT/PI/KF controller to be used as a baseline in the

filter-in-the-loop robustness enhancement studies was

derived. The controller of Equations (5-10) through

(5-14), with final Kalman filter gains of:

.6153 -. 1122 .0019542

-.2875 .1958 -.0072972
KF = (5-15)

-.02827 .0221 -.2300

-.015051 .0023899 -.21043

is to be evaluated with PFEVAL and ODEFI5 against a number

of varying real-world conditions.

67
I



5-4 Performance Analysis
The controller developed In the previous section Is

analyzed in detail in this section. First, a linear

covariance analysis is accomplished using PFEVAL. Then,

the nonlinear simulation program, ODEFI5, Is used to test

the control laws against a more realistic environment

Including actuator saturations. Finally, LTR tuning is

used in an attempt to recover some of the robustness lost

in going from full-state feedback to the controller with a

Kalman filter in the loop.

The results of the covariance analysis at the final

simulation time are presented in Table 5-1 and show that

the Inclusion of the filter, with state estimates updated

" with the incoming measurements, improves the performance of

the controller. This is not a totally unexpected result, as

the truth model against which the controller is being

evaluated includes actuator dynamics (see Section 4-6), and

therefore Involves effects not modelled in the design of

the controller; if the truth model were the same as the

design model, the full-state feedback design would

naturally outperform the design model with the filter in

the loop.
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Table 5-1

Final Standard Deviations of CGT/PI/KF Controller Design

STANDARD DEVIATIONS (w IN RADIANS OR RADIANS/SEC)

TRUTH
STATE

WITH FILTER WITHOUT FILTER

U 4.9617264 X 10-3  4.165973 X I0-3

q 1.2784801 X 10-2 1.3747698 X 10-2

. % 1.1799363 X 10-2  1.2151774 X 10-2

9 0 7.0565759 X 10-3  7.5290352 X 10-3

8cfa 2.1194026 X 10-2 2.8109224 X 10-2

-cfa 3.3509912 X 10-1 4.4106762 X 10-1

as  5.1844835 X 10-2 6.8388985 K 10-2

is 4s 7.6988819 X 10-1 1.0284194

.rv 3.1738364 X 10-2 3.3501037 X 10-2

Scfal 2.5876006 X 10- 2 3.4182074 X 10-2

8s1 6.1941621 X 10-2 8.1942491 X 10-2

"rvI 3.2065578 X 10-2 3.3686558 X 10-2

5-4.1 Nonlinear Performance Analysis

The robustness evaluation of the controller using

ODEFI5 is done in four segments. In the first section, the

controller is tested using the design flight condition with

actuator dynamics, i.e., a nine-state truth model, and rate

IA:- and position limits considered. As the controller is

! ., designed for a five-degree nose- dovn flight path angle,
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this Is the first condition tested. The full-state

feedback response and the response with the inclusion of a

Kalman filter based on ;(ti+) are shown in Figures 5-9 and

5-10 respectively. These responses for the full-state

feedback case are similar to those obtained when the full-

state feedback controller was evaluated against the nine-

state truth model in CGTPIF and, as the controller is

designed to avoid the rate and position limits, this is to

be expected. As the measurements of the outputs are very

accurate, the results for 1(ti+) are expected to be close

to that of full-state feedback, and this in fact occurs, as

I. is seen in a comparison of the plots for the respective

outputs. It should be noted that the differences in

velocity are actually very small when compared with the

flight velocity of 200 feet per second and that the

apparent divergence occurs well out of the time period of

Interest, approximately six seconds. There is also

significantly more control energy used with the Kalman

filter than with the full-state feedback case. This is due

to the estimation of state variables, the inclusion of

actuator dynamics in the truth model, and the resulting lag

in control application. The results for a controller based

on X(ti-) are not shown here, nor will they be shown in

this research. This is because, in order to stabilize the

controller, a value for Q was so small as to make the

problem physically meaningless. This may be interpreted as

the filter having almost no confidence in the dynamics

70
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model and putting extremely heavy weight on the incoming

measurements. While the measurements for this study are

very accurate, it is imprudent to ignore the

embedded dynamics model completely. It is therefore decided

to eliminate x(t-) from consideration in this problem, but

with this in mind, a computationally efficient algorithm

for the controller must be used. This algorithm must

minimize the destabilizing delay between the incoming

measurement, Z(ti), and the output of a control signal,

g(ti), and the total time for the computation must also be

less than the sample period of the system.

The second block of evaluation was for inputs other

than for what the controller was designed. For this and

all subsequent evaluations, the controller with the

filter-in- the-loop is considered. First, a shallower

flight path angle (three degrees) was commanded. The

results, shown in Figure 5-11, indicate that the controller

is capable of complying with this command. Another

analysis is done with the aircraft in equilibrium with a

minus five degree flight path angle. In this case, a five

degree pitch up command is given, and as seen in Figure

5-12, the controller has no difficulty with this task.

Next, system failures are simulated by first

increasing the sensor noises and, secondly, simulating the

loss of an actuator. For the section, sensor degradation is

simulated by a two-order- of-magnitude increase in sensor
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noise In the truth model without giving the filter an

Indication of the change. As is demonstrated in Figure

5-13, this noise Increase has the effect of causing

oscillations about the nominal values, but is not

destabilizing at this magnitude. It exhibits

characteristics similar to the filter with non-degraded

sensor data, I.e. similar to the full-state feedback case

in flight path angle, but more oscillatory in velocity and

pitch rate and with more active control surfaces. The

second system failure to be simulated is that of a canard

failure. It is assumed that the canard is free-floating

and contributes nothing to the moment generation required

to pitch the aircraft. This is accomplished by zeroing out

the command to the canard/flap/aileron combination in

ODEF15. This slows the system down and also eliminates the

overshoot seen in the case of a healthy system. Figures

5-14 and 5-15 depict the results of a five degree pitch

down and a five degree pitch up to level-off, respectively,

which can be compared to Figures 5-10 and 5-12. There Is

very little degradation in the flight path angle for either

case, just slightly slower as was Indicated above, and the

other outputs and control deflections become more

oscillatory in the face of the failure. This indicates a

great deal of robustness.

In the final section of the performance evaluation,

the controller is tested against off-design flight

conditions. This has, to some degree, already been done,
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as the controller has been evaluated against a

truth model of higher order than the design model. The

controller designed for a specific flight condition does

not perform as well at off-design points of the flight

envelope. This is not a major concern, as in practice, gain

scheduling would be used for variations Inflight

conditions, but it is a good check for robustness.

Simulations using the controller designed in this study

versus the aircraft model for a slower true airspeed

(Vain), for a higher density altitude at the original

S airspeed, and for an Increased gross weight at the original

airspeed and altitude are shown in Figures 5-16, 5-17, and

5-18, respectively. As was mentioned earlier, this

controller suffers from degraded performance at the

off-design conditions, which is shown by the increased

variance in the velocity and pitch rate and the increased

control activity required for the manuever compared to that

for the baseline controller with the Kalman filter (Fig.

5-10). Again note that the undulations in velocity are

very small when compared to flight velocity. Attempts will

be made in the next section, via LTR, to improve this

I,. performance.

4 5-5 Kalman Filter Tuning

In this section the Doyle and Stein LTR technique is

applied to the controller in an attempt to enhance

4 robustness. As a slight modification to this method, q2BVBT
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replaces Qo. For this study, the q2 term was set to .0001,

and the technique was used on one of the off-design

conditions and for the case with a three order-of-

magnitude increase in sensor noise. The Initial prospects

for robustness enhancement with this method were not

promising, as the system has a right-half-plane

transmission zero (181 and is a sampled-data PI controller

rather than a continuous-time proportional gain regulator.

Separately, each of these conditions removes the guarantees

associated with the robustness improvement to be gained by

the Doyle and Stein technique (281.

First the controller with the filter tuned via LTR is

evaluated at the flight condition for which the controller

was designed. The results of this simulation, seen in

Figure 5-19, show significant improvement in all channels

over the baseline controller with the Kalman filter in the

loop (Fig. 5-10), and approach the performance of the

full-state feedback controller (Fig. 5-9). Once again,

-- - this result Is expected because of the increased order of

-i the truth model used in the evaluation, compared to the

order of the design model. If this design were to be

evaluated against the design model rather than the higher

dimensioned truth model, LTR tuning would be off-nominal

tuning at design conditions, and would be expected to cause

performance degradation at the design conditions.

Next the controller is evaluated against a flight

84
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condition with a 10,000 foot altitude. With the original

Kalman filter at the 10,000 foot altitude (Fig. 5-17),

there are significant oscillations in both the velocity and

pitch rate, but with the LTR-tuned filter (Fig. 5-20) these

oscillations are smoothed out and there is less overshoot

in the flight path angle, along with a reduction in the

level and undulations of the control inputs: a definite

improvement in the performance of the controller.

*The controller with the LTR-tuned filter is then

evaluated with the aircraft gross weight increased by

approximately 10,000 pounds. The results of this

simulation are shown in Figure 5-21 and, as in the

, preceding case, a marked improvement over the performance

of the untuned filter (Fig. 5-18) is exhibited. Once

again, this improvement occurs in all channels of interest,

with the smoothing of the velocity, pitch rate, and control

input responses the most noticeable.

In the case of a large increase in sensor noises

(Figure 5-22), the controller is unstable with the original

filter and is stabilized with the change to the LTR-tuned

filter (Figure 5-23), although it displays very poor

- performance. This enhanced stability would be important,

as keeping the aircraft stable in the face of a massive

sensor failure would allow online adaptation to occur, or
*s* '.

at least provide the pilot time to make an escape.
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5-6 y

In this chapter, the methods used for performance

analysis are discussed, and then the steps taken in the

development of a CGT/PI/KF controller are detailed. The

resulting controller is then analyzed using the procedures

from the beginning of the chapter and rather successful

attempts made for robustness enhancement In the face of

changing flight conditions and sensor degradation. In the

nezt chapter, conclusions of this study and recommendations

for future research will be presented.

9
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VI. CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUDY

6-1 Conclusions

: ; The goal of this study has been to design a robust

LQG/LTR flight contoller for the STOL F-15 for the approach

and landing phase of flight. This has been accomplished by

the use of implicit model following and Loop Transfer

Recovery (LTR) techniques with a Command Generator

Tracker/Proportional plus Integral controller with a Kalman

filter in the loop (CGT/PI/KF).

The LQG design methodology provides the designer with

a systematic way to approach the design problem. Through

the use of the command generator tracker (CGT), the

designer can incorporate the desired handling qualities to

(be mimicked and the disturbances to be rejected. Implicit

model following allows the designer to include information

about the handling qualities directly into the performance

index and also to affect the pole placement of the system.

The "type-to property of the PI controller allows for

tracking of a zero input with a nonzero steady-state

control, despite unmodelled constant disturbances. The

Kalman filter provides estimates of the states from the

noise-corrupted and incomplete outputs of sensors. The use

of implicit model following allows for the design of a

robust full-state feedback controller and, then LTR tuning

of the filter allows for the recovery of some of that
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robustness lost from the inclusion of a Kalman filter in

the control loop.

One of the major benefits of LQG controller design Is

that the designer is provided with insights as to the next

step In each iteration. These Insights result from the

individual weightings placed in the performance index and

from the assumed characteristics of the explicit and

implicit models. For example, if a certain control surface

exceeds, or even approaches, a limit during an iteration,

the designer knows to increase the weight on that element

* in the performance index on the next run.

The fact that LTR tuning yielded an improved

controller was somewhat unexpected, as the system is

non-minimum phase and includes a PI controller rather than

a proportional gain regulator. The type of the change in

performance was also not predicted: not only is the

controller more robust, it also performs better at the

design condition, contrary to the normal trade-off between

performance at design conditions and robustness at

off-design conditions.

The major drawback to the use of LQG/LTR design is

the lack of an integrated design and analysis software

package. Currently, three separate pieces of software must

be used to design and evaluate a controller completely.

Two of the codes, CGTPIF and PFEVAL, are written in FORTRAN

Ei IV and are semi-compatible. To use a file generated by

CGTPIF in PFEVAL, one must exit CGTPIF, save the file,
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. -. rename the file as a data file, and then run PFEVAL. To

use ODEFt5, a FORTRAN V code, one must attach two separate

libraries and enter the system matrices, in both continuous

and discrete-time form, and the gain matrices from CGTPIF,

manually. This can be time-consuming and is not efficient

in the use of computer resources.

6-2 Recommendations for Further Study

The number one recommendation for future research was

addressed in the previous section. An Integrated design

package is needed to make the study of LQG/LTR design

theory more practical for the design of a CGT/PI/KF

controller. This design tool could be built around one of

the state-of-the-art computer aided design (CAD) packages,

such as MATRIX X (18], and should be hosted on an AFIT

computer, preferably the VMS VAX. Using an integrated CAD

package has the advantage of built-in routines for Kalman

filtering, singular value and transmission zero solutions,

*. along with many other features of which the designer could

take advantage.

Another topic for extended research would be to

derive the proper LTR technique for a filter with a PI

controller. Current research has derived LTR for the

regulator and this study indicated that form of LTR to be

beneficial to a PI controller, but there is currently no

= physical or mathematical foundation for the use of

regulator LTR with the PI controller structure.
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Finally, the applicability of structured singular

values (21] to the LQG/LTR design problem should be

investigated further. Unstructured singular values were

previously shown to be of little benefit to design insight

(24], but structured singular values may be able to bound

the performance and sensitivity of the controller, and

thereby provide the designer with very pertinent

information for the synthesis of robust controller designs.
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2.' ,.:.APPENDIX A. QE 1

A-I Introduction

ODEF15 is an Interactive computer program that was

developed originally by Capt. W. G. Miller (24) and

modified, as detailed in Chapter 5, for this study. ODEFi5

is a nonlinear simulation tool that provides for the

possible inclusion of a Kalman filter, actuator dynamics

and/or saturations, rate and position limits, and the

addition of anti-windup compensation. This appendix

gives a brief description of the program and instructions

for its use. A list of the computer code and a sample

program execution are also given.

A-2 Proaram Execution

The original program, ODEACT, was designed only for the

evaluation of a full-state feedback CGT/PI controller for

-4 the AFTI/F-16 [24). ODEFi5 has been modified to allow for

the possible addition of a Kalman filter and Is specific

for the STOL F-15. To incorporate a Monte Carlo analysis

in the program, the IMSL library is invoked, for random

number generation, as well as the integration package ODE.

Both of these libraries are available on the ASD CDC Cyber.

Prior to entering ODEF15, all previously developed data

files that are to be used must be attached, along with the

IMSL and ODE libraries. IMSL5 and ODE must be declared as

* libraries before execution begins. The program will prompt

the user for all required entries. During the Initial
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execution, the user will be prompted to enter all required

matrices. The user must be cautious when a Kalman filter

Is evaluated, as there is no built-in protection against
',V

accidentally entering a very large number of iterations in

the Monte Carlo analysis. All of the time-response plots

displayed at the user's terminal can be routed to a line

printer, or saved to a file, upon program termination.

Plot files for the CALCOMP plotter are also generated by

the program and can also 'De saved or plotted as desired.

."
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A-3 ODEF15 Source Listing
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C
C SIMULATION PROGRM TO TEST A PI OR CST/PI, IJITH/WITHMUT KALMAN
C FILTER, BSD ON A 4-STATE MODEL OIF THE STOL F-15. OPTIONS
C INCLUDE MODIFICATION O3F DYNAIC8 MATRIX, WBE OF 2-STATE
C ATUATOR MODELS, APPLICATION OF RATE/POSITION LIMITS ON ACTUJATORS,
C AND EMLO'WNT OIF AXTI-WINDIP COMPENSTION. USER SUPPLIES DVNAMICS
C MATRIX, OUTPUT MATRIX, CST COMMAND MODEg.. CONTROLLER GAINS AND
C KAMANi FILTER MATRICES.
C
C DATE OF LAST REVISIONt 01 NOV 95
C LIBRARIES UUEDi ODE, IMIL5
C

C
REAM NR352),XC12) ,DX(12),OUT(54)T,TOUfTT9MPPLTEC(20)

V REAL XTEIP(12)
REAL AMOC4,4),DSOC(4,4),CWO(C4,4)AMC4,4),UMC44),ZC3)

* REAL IPHIX(4,4)
REAL RELARRDIO1(55)UT25l4)UOUT3CSI5)Y(4)
REAL VC(3) pEV (P2)

DaOWLE PRECISION DOM
INTEGE IJICIFLASgJFLAGJCFLMNFLM, IWOCC5), IDSIM
INTEGE MMLAG I IFLAS

* cDMMON/MATRIX/UDC2),AC12, 12),CC4, 12),KXC4, 12) ,KZC4,4),KXHC4,4),
7I KXUC4,4),PHI(4,4)gPHINT(4,4),CMC44)B33)EY2),KFLASM

/CIO MlOTRLJUIEW(4) ,UOLD(4) ,UCMDC4)pl ,UO.D4) ,XOLDC12),

1 XNOLD(4)pXMC4),WL.M,EVAC2)t
IH(3p4),PHIX(4,4),30C4,3),9DC4,4)pR(3,3),1WC(4),XHMC4),KC4,3)

C
EXTERNAL FIF3pF40FSTDL
ClRACTER AMd1, TITLEU5ODATAM, SAWMPLOT*6

C
C

* C
C 1IUT SECTION. DATA MAY BE READ IN FROM AN 'OLD' FILE, MUD SAYED
C TO ANY OTHER FILE. ONL.Y ONE SET OF DATA PER FILE NAM. PLOTS AR
C AUTOMATICALLY SAE IN A 'PLOT FILE'.
C

C
20 PRINT* ' INCORPOATE KCALMAN FILTER? YIN.'

READ(*tCA)') ANEW
4. If CMN.NE. 'Y' .ANWW.NE. 'N') 80 TO 20

IF CANW.E.Y') IIFL~1
IF CAmUI.'N'm) iiFLASo-

*902 PRINT~t FDATA TO BE READ FROM FILE? YINi f
A~READC*v fCA)'IP)ANSW

IFCANBW.NE.'Y'.AIQ.ANBW.NE.tN') G0 TO 902
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IF(AN9W.E.'NF) GO TO 30
JlCFLAS-0
PRINT*,'ENTER NAPE OF DATA FILES
RAD(*, '(A)' )DATA
OPEN2, FILE-DATA, GTATU' OLD, FOM' UWORNATTED' , ERR-90)
RAD(2) (CA(IpJ), I-i, 2)pJ.1, 12)

READ(2)(CD(IpJ) I-1,3)vJ-1,3)

READ(2)((KXMCI,J)rlIm14)pJu1,42)

READ(2) (CDN(IJ), Iml4)pJ*1,4)

V. READ2) X(BDIDIpJ,)-p)~l

READ2)HCXJ),Ig1,)Ju14)~l4
* EAD(2)(CKCJ)I-,),-1,)J14

READ2)(CIpJ) I-,)J-3)

REDD(2)(DIJp-p)Jl3

RELINE(2)

C ORKEBORDIN0~ ONLY MON-ZERO MATRIX EMENTS ARE REQUIRED.

C ONON-ZERO ENTRIES SHOULD BEMAEFRlM 5tjjlOR1
C OF A OR KX, BUT NO PROTECTION PROVIDED AGAINST DOING SO.
C
30 DO 50 Iinl,12

00 50 Jn1,12
A CIJ) -0.0

-~50 CONTINLE
DO 42 I113

DO 42 J-1,3
a RCIvJ).0.0

B(IJ).0
42 CONTINUE

DO 64 Imlp12
DO 60 J-1,4

KXJl)m..

60 CONTIE

DO 66 .7-1,4

A PHIXIJ)-0.0
KZIJ)-0.O
KXUIJ)-0.0
KXMIJ)-0.0
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,.-\ ~66 CONTINUE
D0 70 1.1,4

DO 70 J-1,4
AMIJ)-0
BMI,J).0

GD (IJ) .0.0
70 CONT INUE

DO 903 lu1,4
'p DO 903 3-1,3

H(J, I)-0.O
4. KI,J)-0.0

9D(ItJ)-..
903 CONTINUE

JFLAa.0
72 PRINT*, 'ENTER DYNAMICS MATRIXs

CALL EDITCA 12112)
IFCJFLAS.NE.0) 90 TM 140

74 PRINT*99ENTER CONTROL MATRIX3 t
CALL EDITCD,3,3)

* IFCJFLAG.NE.0) 90 TO 140
76 PRINT*, 'ENTER OUTPUT MATRIXt

CALL EDIT(C,4, 12)
IFCJFLAGJNE.0) GO TO 140

79 PRINT:,'ENTER KX MATRIXv t
CALL EDITCKX94, 12)4 IF(JFLAG.NE.0) 90 TO 140

90 PRINT*ptENTER KZ MATRIX. F
CALL EDIT(KZ4,4)
IrCJFLAGS.NE.0) GO TO 140

92 PRINT*,'ENTER KXM MATRIXi I
CALL EDITCKXM44)
IF(JFLAS.NE.0) 90 TO 140

94 PRINT*,'?ENTER KXU MATRIX: 9
CALL EDITCKXU,4p4)
IF(JFLAS.NE.O) GO TO 140

96 PRINT*vtENTER MODEL DYNAMICS MATRIX:
JCFLAB-0

* CALL EDIT(AM4t4)
IF(JFLAS.NE.0) G0 TO 140

99 PRINT*,'ENTE MODEL CONTROL MATRIX:

CALL EDIT(DM4,4)
IF(JFLAS.NE.0) GO TO 140

90 PRINT*t'ENTER MODEL OUTPUT MATRIX.:
-~ CALL EDITCCM,4t4)

IF(JFLAS.NE.0) GO TO 140
IF(IIFLAG.EG.0) 90 TO 140

904 PRINTS,'ENTER STATE TRANSITION MATRIX.'
CALL EDITCPHfIX,4v4)

C - IF(JFLMG.NE.0) GO TO 140
90 PRINT*, 'ENTER DISCRETE TIME INPUT MATRIX'

CALL EDITCID,4,3)
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IFCJFLAS. 1. 0)SOT14
9% PRINTS, '41W DISCTE TIME CYMIMCE MATRIX.'

CALL. EDITCWj4r4)
IFCJFLMSNE.0) SO TO 140

907 PRINT*# 'ETER MEASJREMENT MATRIX.
CALL EDIT(H,3,4)
IF(JFLAO.NE.0) 60 TO 140

909 PRINTS, 'ENTERt KNJWIN FILTER SAIN~e'
CALL EDIT(K4r3)
IFCJFLAO.NE.0) 80 TO 140

AS 909 PRINTS, 'BITER MAUENTNOISE COY. HATRIX'
CALL EDIT(R,3,3)
IFCJFLA.NE.0) SO TO 140

140 PRINTS, 'ANV CHN4S TO MATRICES? Y/N.
READ(*r I'(A)'I )ANOW
IFCANW1.E. 'YP.AND.ANBW.NE. 'N') SO TO 140

A142 IFCANU.E.'YF) THEN
PRINTS,' l.A 2-C 3.4(X 44CZ 5W6M 6-I(XU'
PRINT*g'7-AM OESM 911m 10-3e 1 14

PRINTSl-PI 12uSD 1- 140H415- ~
* PRINTS,' ENTER CHOICE.'

REA~JLAM
80 TO (72, 76, 79, 90,92,94, 96,9 0,74, 904,905,

I906,907,908,909) JFLAS
ELSE

JFLAG-O
END IF

150 PRINTS, 'WRITE DATA TO OU1TPUT FILE? YIN.
READ(*v,'(A) )ANBW1
IF(ANWM.NE. 'Y'.ANI.ANW.N.'N') 80 TO 150
IFCANUW.E.'Yt) THEN

A; PRINTS, 'ENTER NAME OF OUTPUT FILE.
READ(S,' CA)' )SAVE
0F91C3, FILE-SAVE, FOR1-t 9RFRATD ERR-SO)
WRITEC(3) C(A(I rJ), i t1,p12) 1,J-1p 12)

WRITEC3)C(CI rJ) g -1 r3) pJol1p3)
WRITE(3) (CCI vJ), v t1,v4) pJ-1,12)
WRITEC3) (CKXCIJ), I-I 4) .7-1, 2)
WRITEC(3)C((KZCQIvJ), v t1,j4) pJ-1 p4)
WRtTEC3) (CICU(IJ),I-1,4),J-1,4)
WRITEC2)CCKXMCIJ), I.1,4)pJ*1,4)
WRITEC3)((CMCID, Iil4)rJ1,p4)
WRITEC3) CCUMCIJ), I.,4),J-1,4)
WRITE(3)((CMCIpJ), I-1,4)vJ-1,4)

IFCIIFLA..0) SO TO 910
WRITEC3)((PHIX(I,J), I.1,4),J-1,4)
WRITEC3) ((IDCItJ), I.14),J*1,3)
WRITEC3) ((GDCItJ), I-1,4)pJ1p4)

IRITEC3)CCHCItJ)rI-1,3),Jw1,4)
WRITEC3) CCK(IJ), I-1,4)pJ-1,3)
WRITEC3)(CR(IvJ), I-1,3)tJ.1,3)

910 CNTINLE
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CLOUEC3)
END IF

C
C NOW SET UIP CONDITIONS FOR CALLING ODE. ALL INITIAL CONDITIONS
C AR ZER UNS CHANGD BYr UER IwP~Tn.
C

IFCcFLAS.EU.0) THEN
PRINT*, 1ENYER SAMPLING ThEi

CALL DSCRTICAM, 4, TSA PHI p14 PHINTv 30p AMIOC, , CWC)
CALMTHL(PHINT, NMIOlRK, 4,4,4)

CALLCWV~(AWR~pPlM~4,4)
PRINT*'t

-EN ~IF
* PRINT*, 'ENTE CANAR TRIM ANGLE OF ATTACK'

SEAD*,EY(l)
PRINT*,' BIETER STADILATOR TRIM ANGLE OF ATTACK IN RADIANS '

READ*pEYC2)
EYTMP1)mEYC1)
EYTW(C2)EEY(2)

154 PRINT*,' RATE/POSITION LIMITS? Y/Ns
READ*, t(A) F)MSW
IF(ANSW.NE. 'Y'.AND.AN9W.NE. 'N') 80 TO 154
IF(ANBW.E.'Y') FLAG-1

* IFCA NW Eg.'NPY MFLAG.0
156 PRINT*' ANTI-WIN~lUP COMPENSATION? Y/Nm

READ CS,'CA)' )ANSW
IF(ANSW.N.'Y'.AND.ANW.E.'N') 80 TO 156
IF(NW. EU.'Y') NFL81

mIF(ANSI.Eg.'N') FLAS.0
-. 222 PRINT, 'EMPLOY ACTUATOR DYNAMICS? V/Ni'

READCS,'CI A)'v)ANSW
* IFCAIUW.NE. 'Y'.AND.ANSW.NE. 'N' )GO TO 222

IN PR N IE N' DEIE RESPONSE DLRATIONo

REA9MDSIN
IF(DSIN.LT.0.1) GO TO 1IN
IDSIM-INT (WSIN/ (50. OSTUAM)4.99

160 DO 170 1-1,p12
XI)-O0
XOLDC)u.0

170 CNIU

EVAC2)m0. 0

DO 172 1.1,4
UDLDI)0o.0
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XcI) .0.
XIPCI).0.0

Xfl l) 0.0
172 CNIUEC)..

00 175 1-1,4
UOIcDI0.0
UlcLI)m0.0
Xm(I).0.0
XNLD(I-0.0

V CI -0.0
175 CONTINUE
190 PRINT*,'ENTERt I AND XCI)l 0,0 TO TERMINATEs t
190 READ*pIIIIEL

XCIIIDIEL
9o TO 190

* ELSE IFCIIII.Eg.O) THEN
80 TO 200

ELSE
* PRINTS, 'SUBSCRIPT OUT OF RANGE'

s0 TO 180
END IF

200 PRINTS,' SELECT COPMN INPUT & STEP KMITEsu
READS, IKtELL
IFCII.LE.3.AIS. IK..SE. 1)THEN
UcIC IK).ELL
ELBE
PRINTS,'0 SUBSCRIPT OUT OF RANSE
GOTO200
EM IF

T-0.0
TOUT-C. 0

* IFLG-1
RELRR1 .E-09
ABSER-1 *E-07

UO(1)0.0
UO(2)w0. 0
IFCIIFLAILEG.1)THEN
PRIWNtSBTR SUM OF OUTPUT MEtpNh
PRINTS,' lWATM STATES 2.0UTPUT VARINLES

IFCN.E2.1)THEN
913 PRINTS,'ENTE STATES TO ME WAMEAUE C3)'

READS, 1,MN
IFCCL.GT.12).OR.CL.LT.1)) 80 TO 913
IFCCM.ST. 12).ORt.(M.LT.1D) 90 TO 913
IF((N.GT.12).OR.CMI.LT.1)) SO TO 913
ELSE

914 PRINTS,'ENTER OUTPUT VARIABLES TO BE MEASURtED (3)'

IFCCLS.).RCLL.))9 T 1
IFCC.ST.3).OR.CM.LT.1)) 90 TO 914

IF'lC.).l.ML.D 0T 1
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IFCCN.ST.3).OR.C(N.LT. 1)) 130 TO 914
END IF

* XITERN1.
IFCIIFLAG.EG.O) 0T92

* 951 PRINTS,' ENTER # OF ITERATIONS FOR FILTER AVERAGE'
READS, XITER

PRINTS, 'SLECT SEED VALUE FOR RANDOM # GENERATION'
READS, DE

937PRIT~'CONTL BSDON XA+OR XHAT-?'
PRINTS,'XHAT+-l XHAT-u'2t
READS, JWLAG
ZTC(JWLMO.S.2).ORIIJWLA.LT.1))U0 TO 937

920 CONTINUE
DO 750 I1-1,51

S OUTII, 1).0.
OUTlir1)-o.
uOmult2CI).
ULIT3CII, 1)-0.
OUT(IIp2)-0.

* OUTII3)-0.
OUTII,4).0.
OUTICII2).0.
OUT1II,3)m0.
OUTIIrQ-0.
OUT I(I I p5)-o.
UDUT2C 11,2) -0.
UOT2CI13)-0.

* UOLT2II4)-0.
U0UT3II,2).0.
UOUT3(II3).0.
UOUT3II4).0.
UOUT3II5).0.

75 ONTINUE
IF(IIFLAS.EG.0) 60 TM 1040
00 760 IJ1C.1,XITER
T-0.0
TOUT.0
IFLAQ-1

* E~IE-O9
ABBRR1.E-07

* UO(1)00.0
U02)-0.0
D0 1010 1-114
KH(I)M.00
UOLDI)uO.0
UNDENI)m0.0
UCMUI).

E UEOLDM.
XNOLD(I).0.

* *t.~Y(I)-.
XtPI)-.
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1010 CONTINUE
00 1020 Iinl#12
XTEUC )iO.
XCIDiO.
XOLD( I )-.

1020 CONTINUE
XCIIIIEL
UctD( K)mELL
EVAM1-0.0
EVAMC)i0.0
EVC1)-EVTHPC1)
EV (2) .EVTI9 (2)

1040 CONTINUE
DO 300 K-IDSIN.1,51*IDSI~II1
CALL ER M T300I0)
CALL HTHL(CCXvY4t12t)

i-INTC/IDBIII)
OUT(J, 1)mTOUT+WUTJ, 1)

*~W OU 2) -Y (1) )4CfUC 2)
MUT(Jp3)-Y(2)+CUTCJ,3)

IRDTCU, 4)-YC(3) +OUTCUr 4)
OUT1C(Jt1)-TOU+T.(t1C1)
OLJTi CJ,2)-UtEU(1)4CUTCJ,2)
MITICUp 3).tLdEW2)+Mf U13)
OUfi (Jt4UIJNEN3).OUTI CJt4)
MITI Up 5)UNEW4)+MfUT1 (3,5)

UOUT2CJp 1)-TOUT4UOUT2CJp 1)
UOU2(Jp2)=XC5)UOUT2CJp 2)
UOUT2Jp3)-X C7)44OUT2CJ, 3)

* UOUT2(Jp4)-X(9)44JOUT2CJ, 4)

UOUT3CJ, 1)-TOUT44JOUT3CJ, 1)
UMT3(Jp2)mXC(1)+UOUT3J2)
UOUT3CJ,3)-XC2)4UOUT3(J, 3)
UOUT3J4)=XC3)+UOUT3(J, 4)
UOUT(Jp 5)=X C4)4$JOUT3CJp 5)

ELSE IFCIS.E0.1) THEN

Cul-uIN)TT+f i 1)

OUT(J,2)-YCI)+MUTCJ,2)
OU (Jt3)Y2)+OUTCJ, 3)
MIT(J, 4)-YC3)44WflJ, 4)

MITI1(it 1)-TOUJTI~(it 1)
MITI (U, 2)tRENCI)4WU (2)
OUTI CJv3)-I.3EWC2)4MUTI (Jr3)
OUTl(J,4)WIIEW(3)'CUT1CJ,4
OUTZ (J,5)mU(4)4Ufl (J5)



C ~ UlDT2CJ 1 1 )-TOIT4UOUT2CJp 1)

UOUT2(Jv 2)-X (5) 44JT2(Jp 2)
UlOUT2CJ, 3)=X C7)+tXJT2 (Jr 3)
UOUT2CJP4)-X C9)+UOIJtJ4)

uoIJT3CJ 1)-TOUT+44OiJtCJ 1)
UOUT3JP2)-X(1)44JUTCJp2)
UO)UT3CJ.3)-X (2)+4IOUT3CJ1 3)
UOLJTCJ94)=X C3)+LJOUTJ, 4)
UOUT3Jp5)-X(4)+UOUT3CJ,5)
EDIF

TOLIT-TOT+T9A9
IFCIIPL.EU.)THEN
CALL 99NLDEEIRvY)
V(1)-RC1,1)*V(l)
VC2).RC2t2)*YC2)
V(3)UR(3g,3)*Y(3)

-~ iF(NN.Eo. 1)THEN
Z(1) C(L) Y(1)

* Z(2)-XCN)..VC2)
ZC3)-XCN).VC3)
ELSE

A ZCI)=Y(L)+Y(l)
Z(2)-YCO+VC2)

'~ I Z(3)=YCN).V (3)
(8END IF

CALL KFILT(Z
IFCJWLAG.Ea.1) THEN
DID 915 JIl,4
XTEP(J)-XWfCJ)
DO 915 KK-5,12
XTEIFCKK)-0. 0

915 CONTINUE
ELSE
DO 990 JuI,4

P.-,.XTEMP(J)=X*I3)
D0 990 KK-6,12
XTEMP CKK) -0. 0

990 CONT INUE
ENDIF

CALL STARXEHPrFELMS)
DO 250 J-1,12

We XO.DJ)-XTEMP(J)
20 CONTINUE

DO 260 J.1,4
UOLD CJ)EUlEW (3)

260 CONTINUE
D0 262 Jul1P4

U~cOW(3)=UlND(J)
XHOLDJ)-XHCJ)

S262 CONTINUE
ELSE
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CALL SCUARXWLM)
D0 1060 31.1,12
XMLD(JM)=X (.3)

1060 CUNTINME
DO 1070 JII-1,4
XNOLD(JM)=XNCJM)

UcLDJ)-UCID(JW)
UMLD(JH).IJMEWCm)

1070 CONTINE
END IF

CALL ODE CFSTOLp 12t X p Tp TOUT, REERRv A39,R~ IFLAG, WORK, IWOW)

* .~....IFCIFLA.NE.2) THEN
PRINT'C IFLAS a "p12)fIFLAS

ELSE
IFLA-2

END IF
300 CONTINUE

790 CONTINLE
IFCIIFLAS.EG.0)SO TO 1310

* DO 755 1-1,51
OUT(I, 1)-OUJT( Up)/XITER
GUTCI,2)-OUTCI,2)/XITER
MITCIt3)UMT(QIr3) /XITER
OUTCI,4)OUTC I,4)/XITER
OUTICI, 1)-OUT iu1/XtR
OUTt (I 12)'RT(I p2) /X ITER
MJTl Q 3) OUT1I Q3) /X ITER
MJTl (1 4) .OUT1CQ 4)IX ITER
O'T I (1 5) OJI(1 5) /X nt
UOUJT2(I, p1-UOLJT2CI, 11)/X ITER
UMUT2(112) WOUT2CI p2) /X ITER
UUT2C I 3)-IJMUT2C I p3)/X ITER
UMT2 14) -UJT2(I v4)/X ITER
UUIJT3(X1p )-UOUT3ClIM/ITER
UOJT3I2)UOIUT3CI,2)IXITER
UMT3C,3)W.IJOT3CI,3)/XITER2 UOT3I4)-UOUT3Iv4)/XITER
ULITCp5)-UOUT3CI5)/XITER

1310 CONTINUE
999 PRINT*t t 1-OUTPUT VARIABLES 2-CONRO INPUT'

PRINT*,'t 3CONTROL DEFLECTIO 4inSYSTEN STATESP

80 TO (1000,1100,1200,1300) MMLAG
1000 CALL SETPLTCOU1T51,5pPLTVEC)

PRINT*,' ---- ETE TITLE FOR PLOT- - ----
PRINT*
READ(*p'CA)P)TITLE
CALL PLDTLPPLTEC513,-1, 1,0,TITLE)

110W TO 1400
110CALL 9ETPLTCOUT1,51,5,PLTVEC)

PRINTS, -------- NE TI TLE FOR PLOT-- -- 4



PRINT*
READCS'C(A)P)TITLE
CALL PLOTLPCPLTVECq51,4s-1, 1OTITLE)
90 TO 1400

1200 CALL SETPLTCUOUT251,5gPLTVEC)
PRINT;'v E-EER TITLE FOR PLOT I
PRINT*
READ(*,' CA)P)TITLE
CALL PLOTLPCPLTVECt51,3,-l1, ITITLE)
SO TO 1400

1300 CALL 9ETPLT(UOUJT351,5tPLTVEC)
PRINT*vv E-TER TITLE FOR PLOT - -
PRINT*
READC*, ICA)'P)TITLE
CAL.L PLOTLP(PLT1WC,51,4v-1, ,0tTITLE)

1400 PRINT*,' OR OUTPUT PLOTS?
READ(*,' (A)' )AN9IJ
IF(ANSILNE.vY' .AND.AN9W.NlE.vNv) 90 TO 1500
IFCANSW.EG.'Y') 90 TO 99

* 11500 CONTINUE
*3214 PRINT*,'P INPUT NAPE FOR CALCOMP PLOT OF OUTPUT'

READCt'CA)I)PLOT
OPEN (5,FILE-PLOT, STATUS.' EN' ,FOM' FORMATTED' ,M3214)
WRITEC5,FMTm'(4E20.5)')((OUT(JI),I-1,4),J-1,5l)
END)FILE (5
REINDM(5)

3215 PRINT*,'v INPUT NMlE FOR CALCOMP PLOT OF CTRL. DEF.'v

OPEN(6, FILE-PLOT, STATUS-' tEW ,FORM-'FOFRATTED' ,R-15)
WRITE(6,FMT-' (4E20.5)' ) (UMUT2(J, 1) I-1,4),J-1,51)
ENDFILE (6
REW INi)(6)
CLOSE(s)

525 PRINT$,'CHANSE MATRICES? Y/Ni
READ (S r'CA)'9) MW
IF(ANW. NE. Y. AM.ANW. E. IN' 90 TO 525
IF(AMW.E.'YP) GO TO 142

* 530 PRINT*,'MRE RMS WITH NEW MODEL? YIN: t
READ(S, ' (A)'9 )ANBW
IF(AN9WNE.vYt.AND.ANSN.E.'N') 90 TO 530
IF(ANBW.E.fY') SO TO 20
BID

C
C END) PROSAM 00EV 15
C
C

SU~kOUTIME FSTOL(T, XDX)
C
C
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C THIS 19 A SET OF F: ORDE ORDINARY DIFFWERNT IAL EGATIONS THAT
C DEFINE THE THE DYNAMICS OF THE STOL F-15 AIRCRAFT.
C ACTUATOR DYNAMICS ARE INCLUDED AS ENTERED IN TIE 12 X 12
C A MATRIX WHICH HAS BEE ENTERED AT THE ONSET OF THE PROGRAM
C I T IS AIED THAT SECOND ORDE ACTUATORS ARE ASSOCIATED WITH
C TIE STASILATOR AND CANARD, AND FIRST ORDER WITH THE NOZZLE.
C NOTE THAT A NON-LINEARITY IS INTRODUCED INTO THE MODEL BY THE
C CONTROL- OF BOTH THRUST AND NOZZLE DEFLECTION.
C

-- - - -- - - - - - - - - - - - - - --C-
C

RELTX1)DX1)DL33
REAL /TIXC X/UD C12)pBA ( 3,1 ),C 4 2 , X 4 1 ) k C , ) K M 4 4

lKXU(4,4),PI4C44)pPIINT(44),CMC4,4),DC393),EVC2),KFLAGMM

OMO/CONTfRL/UJNEW (4) v UOLD (4) p UCMD (4) p UCIM (4)
I I XOLD (12) 1XMOLDC(4) v XM (4) v MFLAGI EVA (2)

C
* DO 444 1-110

DO 444 J-1,3
NL (IJ) -0.

444 CONTINLE
C SET THE SIGN TO ACCOUNT FOR CONTROL SURFACES PASSING
C THROUGH A ZERO ANGLE OF ATTACK RELATIVE TO THE A/C

0 C
C

EVACI)-EYC1).X (3)
EVA (2) -V (2)IX (3)
DO 5000 11-1,3

9h'LCII,3)-BIp3)
DO 5000 JJ=1,2

34.. II ,JJ)B( II, JJ)
IF(EVA(JJ) .6E.0)THEN

* IF((UIO(JJ)4EVACJJ)).LT.0) THEN
BNLC1,JJ)-D(1,JJ)

ENDIF
* ELSE

IFC CUDCJJ)4EVAJJ)).GT.0) THEN
341.(1, JJ) -BI, JJ)

END IF
END IF

5000 CONT INLE
* IFC?91.EG.1)THEN

DX(l)-AC1, 1)*XCI)eA(1,2)*X(2).A(1,3)*X(3).A(1,4)*X(4)
1eDNL(1, I)*UIEWC1)4'WL(1,2)$IREW2)+DNLC1,3)*UNEWC3)
DX(2)-A(2, 1)*XC1)4AC2,2)*X(2)+AC2,3)*X(3)4A(2,4)*XC4)
1.91N1(21 1.mJEEWd(14UNLC2,2)*tE14C2)
DX(3)-A(3, 1)*XC1)'AC3,2)*X(2)+A(3,3)X(3)-A(394)*X(4)

* 1.31LC3,1)*WPEW(1)eINLC3t2)*UNEWC2)
DX(4)-X (2)

Dr(S)-0.
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oX (6) no.
DX C7)uO.
DX (13)-0.
DXC9)inO.
DX C1O)u'O.

DXC 12)-.

WD(2)=UNEW (2)
X (5)intlEUC 1)
XC7)IJNEWC2)
X (9)NO" (3)

DXC1)- AC1,1)*XCI)+AC1,2)*X2)+ACI3*X3).AC1,4)*X(4)
1.DBdL(1, 1)*XC).US(lC12)*XC7)44LC113)*XC9)

DXC2).A(2,1)*XC1)4AC2,2)*XC2)+C23)*XC3)AC2t4)*XC4)
1 +DL C2 r 1)*XC(5) DNLC(2 t2) *X (7)

9, DXC3)-AC3, 1)*XC1)4AC3,2)*XC2)+AC3,3)*XC3)+AC3,4)*XC4)
I .WL QCr 1) *XC(5) DN.(3 v2) *X(7)

* DXC4)=X(2)
DX C5)nX (6)
DXC6)-8356. X CS)-303. *X (6)4635. NEWC)
DXC7)=XCS)
DXCS)-935. *XC7)-303.*XB)'935. *idEW2)
DX(9)-20.*XC9)+20.*UNEWC3)
DXIO1)-0.
DXC 11) -.
DX(12)inO.

UJO(1-X (5)
U0C(2)-X (7)
END IF

C
IFC WLM. Eg. )THEN

IFCX(5).E. .262.AND.DXC5).BT.0.0)DXC5).0.0
* IFCXC5) .LE-.611.MD.DXC5).LT.O.0)DXC5)=..

IF(XC6).E. .401.AND.DXC6).GT.O.O)DXC6)-0.0
* IFCXCI) .LE.-.401.AND.DX(6).LT.0.0)DXCS)0O.0

IF(XC7).E. .262.At.DX(7).GT.O.0)DXC7)-0.0
IFCXC7).LL.-.506.AND.DXC7) .LT.0.0)DX(7)u0.0

IFCXCB).GE..903.AI.DX(9).GT.0.0)DXCB)u0.0
IF(XCS).LE.-.803.AND.DXCS).LT.O.0)DX(9)u0.0

ENDIF
RETWMN

SWROITE W9TAR CXv NFLA)
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.~.. ;--**C UUEOUTINE TO CALCULATE THE CONTRM.S AT EACH UMILE TIME.
C ANT I-WINDUP C EBTDIF NFLS1.
C

.4' REA.L XC12),DEL(12)pDEL2(12)
INTEMER NWLM
CVON/WATRIX/U0C2),A(12,12)tCC4,12),KXC4, 2),KZC4,4),KXNC4,4),
I KXUC4,4)tPHIC4,4)tPHINTC4,4),CM(4,4),B333),EV(2),KFLAGNN
c NO/CONTRL/UIQIC4),UOLD4)pUCND(4)tUEOLDC4)pXMLDC12),
1 XMCLDC4)vXH(4),I'FASEVA(2)
CALL MATLPI, XOLDXN 44, 1)
CALL AH(HNvCrEvjp
CALL HATADCXMDELXMp4,1)
CALL MATUB(XXOLDDEL, 12,1
CALL HAThLCKXpDELIDEL2,4, 12,1)
CALL MATSD(COLDtDE2,UNEWv4,1)
CALL MATSDCXtIXMOLDDELt4, 1)
CALL MATHL(KXMDELtDEL2,4v4tD1
CALL NATADCUNENDEL2,UNM,4, I)
CALL MAT9DCUCNDUCVLDDELg4,1)
CALL MATHLCKXUtDELDEL2,4,4,1)
CALL MATADCUNENDEL2,UNEW,4,1)
CALLI MA1U..CCMXMOLDtDEL,4v4, 1)
CALL HATL(CCXOLDDE2,4, 12,1)
CALL MATS(DEltDEL2DELr4, 1)
CALL NATHL(KZDELDEL244,I)
CALL MATADUNBUjDEL2,UNEN4, 1
IFCWFLAG.E.1) THEN

IF(UWENC2).ST..49-.87*X(7))UNEWC2)-.49-.87*XC7)
IFCI.3WC2) .LT.-.S&-. 97XC7) )UNEC2)-.96-.87*X (7)
IFCLUdEW(1).BT. .7064XC5))UNEW~l)-.706+XC5)
IFCUNEWI).LT.-.7064X(5))UNEWI)i-.706+X(5)
IF(UtEC2).ST. 1.522+XC7))LUNCW2)n1.522+XC7)
IF(LIE142).LT.-.522+X7))LEW2)-1.522+XC7)
END IF

S RETURN
END

C
C END SUBROUTINE GCSTAR
C

C SUBROUTINE RPOUT(AMrN)

C

C THIS ROUTINE PRINTS OUT A REAL MATRIX A

c
REAL A(MN)
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INTEGER IJvNM
DO 200 I-lM

PRINTPCU ..5(EI.4,3X))v,(A(IJ),J"IN)
PRINT*

- 200 CONTINUE

C END SU ROUTINE RPOUT
C
C

SUBROUTINE SETPLT(ANMX)
C

C - -- -- - . -- -- ---------- ------

C
C THIS ROUTINE CONVERTS A REAL MATRIX OF DIMENSION N BY M INTO A
C VECTOR THAT 1 COMPATIBLE WITH R.M. FLOYD'S PRINTER PLOTTING
C ROUTINE, PLOTLP. THE INPUT MATRIX I8 A.
C N- ROW DIMENSION OF A, THE NmE OF POINTS TO BE POT
C M- COLUI DIMENSION OF A, THE MOR OF FUNCTIONS TO BE PLOTTED +1
C X" THE PLOTTING VECTOR, DIMENSION N

* C

C
REAL AINM),XIICN)
INTEGE NtMIIJ
DO 100 J1lM

DOO 100 I-1,N
..- X (I+ (J-1) 1) nA ( IJ)

100 CONTINUE
END

C
C END SUBROUTINE SETPLT
C
C

SUBOUTINE PLOTLP(A, NpM IPSC, ISCLLPTEAM, TITLE)
C

' C

C THIS ROUTINE WAS ADAPTED FROM R.M. FLOYD'S THESIS TO PRODUCE
C PRINTER PLOTS OF COMPUTED RESULTS.
C A- VECTOR OF DATA, CONVETED FROM MATRIX F BY SUBROUTINE 9ETPLT
C Nm NUMBER OF POINTS (INEPENENT VARIABLE) TO BE PLOTTED
C ME NIUMER OF FIUCTIONS (DEPENDENT VARIABLES) TO BE PLOTTED
C IPC - -1-ALL VARIABLES SCALED TOGETE (I PLOT)
C = O->SCALED TOGETHER AND SEPARATELY (2 PLOTS)
C - +1->SCALED SEPARATELY (I PLOT)

. C ISCL = 0-)PLOT OVER EXACT RANGE OF VARIABLE
C +1-)PLOT WITH EVEN SCALING
C LPTERM - rPLOT 50 CHARACTERS WIDE
C +1-->PLOT 100 CHARACTERS WIDE
C TITLE M MAX OF 50 CHARACTERS, TYPE CHARACTER
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REAL YUCM..C),YIN(6)tYPRtCII)tRIPACRNINRNAXYLYHXPRtAC*)
REAL SCAL
INTER IBLNK(6), IP9CISCLtLPTERN, IPAPER, I9PAC, IPRTI, ISCJIC, IX
INTEM ILtJP, ITB~gN1,N2PINICO, I
CHARACTER TITLE*50
CKARACT~1 BLAW, PLU9, COLONt MID, SYIOL(6) ,OUT( 101)
DATA DLAM(,PlJJBCVL OYMMIO ,YNOL(2/9 ','4','u','lvt#2tI
DATA SVNDOLC3),9YMDOL(4),9YIUOLC),SYNDOLC&)/'3f','4'1'5','6'/
IPAPERm5*C1.LPTRM)
ISPACIO*IPAPER
RI9PAC=REAL(CISPAC)
ISPAC-I9PAC41
IPRTIIPAPER4 1
RMN-ACN41
RMAXORMIN

25 DO 41 19C.1,N

YL-ACN1)
YH-YL
M2-N*CI9C+l)
DO 40 JNIl,N2

IFCA(J) .LT.YL)THEN
YL-A CJ)

END IF
IFCACJ) .ST.YH) THEN

YHEA (J)
END IF

40 ONTINLE
IFCYL. LT. RMIN)TIEN

RMIN-YL
END IF
IF(YH. ST. RMAX)THEN

RMAX-YH
END IF
IFC IPSC. E. 0)THEN

CAL.L VAROcL(YL,YH 1 YSCAL(I9C) ,RI9PAC, 1911)
EM IF
YNINC I9C)-YL

41 CONTINLE
IFCIPSC.LE.0) THEN

CALL VAR9CLCRMIN, RAX, SCA..,RISPAC, I9CL)
END IF
l~in2-IAISCIP9C)
DO 42 IX-1,I9PAC

OUT (IX) -LA
42 CONTINUE

DO 100, lCO-I, IC
PRINT ("l1XA50)PrTITLE
WIRITE4,' C1IXtA50)')TITLE
WITE(4, (AD)')DLAN(
PRINT*
DO 60 I-IN
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XPRMACI
IFCNODCI,10).Eg.O)THEN

SRIDmCOLON
* ELSE

DO044 IX.2tISPACt2
OUT CIX) RID

44 C NIE
DO 46 IX-lrISPACrl0

OUTUDI) PLUS
46 CONINLE

DO 55 JalN
IL. I+Jffi
IV(IPSC.EG.-l)THNd
JP=INTC (A(IL)-RNIN)/WCAL)+1

ELSE IF(IPSC.EG.O)TIEN
IMI -PSc+xco
IFC PSCTEG.2)THEN

JP-INT((ACIL)-YPIINCJ))/Y9CALCJ) )*l
* ELSE

JP-INTC (AC IL)-MIN)/9CAL)+1
ED IF

J. ELSE
JP.INTC (AC IL)-YIIINCJ) )/YSCALCJ) )+1

END IF
50OUT CJP) -SVIUOLJ)

IUUI(CJ) .JP
55 CMTINUE

PRINTI'C ,Fll.4,SiXIOlIl)',XPRCOUT(IX),IX-lISPAC)

DO 59 J-lIl
ITENP-IOLM(J)

* OUT( ITEMP)LArn
59 COOT I NJE
60 CONTINLE

IFCIPSC.NE.DlTHEN
IFC IPSCT.NE. 2)TIEN

YPRC 1 RIIN
D0 70 I-lIPAPER

YPR(1+l)=YPRCI)+l0.*9CA
-v 70 CONINUE

PRINT'CO SCAL *,IlElO.3)',(YPRCI),I-lIPRrr)
WRITEC4r P (Al)' )SLMI(
WRITEC4p'C" SCALE ,11lEIO.3)f)CYPRCDI),IlvIPRTI)
WRITE (4,' tCAl)' 0MAW
WRITEC(4v f(Al ) )DLM

END IF
END IF
Irc IPSC. EU. 1.OR. IPSCT. EQ.2)THEN

SDO 76 ISC.1,N
YPR Cl) YNINC SC)
00 74 I-1,IPAPER
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YPRCI41 ) YPRC ) 10. SY9CAL C 1C)
74 CONTINUE

PRINTP'C0 SCALE *,AI,1X1I1EIO.3)',SY'IEOLISC),(YPR(IX)
1,IXnlplPRTI)

WdRITEC(4g 'CAt)' BLN
IIRITEC4,'C~ SCALE -,AljlXv1lE1O.3)')SYMDOLCISC)p

1(YPRCIX), IXUI, PRTI)
76 CONTINUE

END IF
DO 90 ISC-1,56-N

WRITEC4p I (Al)' )BLMU
90 CONTINUE
100 CONTINUE

PRINT'(1)

CxC END SLDROUTINE PLOTLP
C

C

CT IS SCALING ROUTINE THTSUPPORTS PLOTLP
C ADATED FROM R. M. FLOYD'S THESIS

C
REAL XNIN, XNAX,9CALERSPACEtEXP, EPINT, XMAXT
INTEE IUCLOISCAL
IMaNAX.G. XNIN)THEN

XHINO.9*XmI-l0.
END IF
SCALE=XI'AX-XPIIN
IF(ISCL.NE.0)TlES

EXP.INTC 100. 44..OSIO9CALE) )-l00.
FACTOR-10. flC I -EXP)
XHINT=XNINWACTOR
XMUT-MUSACTOR
IF(XNAXT. SE.0. )THEN

XPAXT-XNAXT4. 9
'1 END IF

IFCXPINT.LE.0. )flE
XHINT-XPINT-. 9

END IF
XMINTMAINTM(PINT)
I9CAL-XMAXT-XMIlNT
IFCNOD(I9CALt5) .NE.0)THEN

IUCM...ISCAL+5-IDDCIWCAL, 5)

~ FACTOR-10.**CEXP-1.)
XHIN.XMINT*ACTOR
SCALEFACTOR*EAL(CALCM)
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END IF
SCALE=SCALE/R9PACE

C EN SUOUTINE VARSCL
C

4.. C
SUlBROUTINE EDIT (EDAT, MN)

C

C
C THIS R13UTINE ALLOhWS THE USER TM EDIT AN M BY N MATRIX EDMAT
C

C
REAL ELEDOIAT(MrN)
INTEGER MN,IpJ
CHAACTER ANGW~i

10 PRINT*,LIST CURRENT VALUES? YIN.
READ*,'CA)' )MUW

* IF(ANG.NE.'Y'.AND.ANSW.NE.'N') GO TO 10
IF(ANUW.E.'Y') CALL RPOUT(EDlMATMN)
PRINTS, 'ENTER 0^00 <CR> WHEN ALL CHAES HAVE BEEN MADE'

100 PRINT:, 'ENTER1ROWS, COLUMN t AND MATRIX ELBT.
110 READ*,IJEL

IFCI.ST.0.AND. I.LE.M.AND.J.GT.O.AND.J.LE.N)THEN

o 110
ELSE IF(I.ELO.AND.J.EG.0)THEN

150 PRINTS, 'LIST MODIFIED MATRIX? Y/Ns
* READ(*,'CA))ANUSI

IFCANUW.NE.'Y' IANDANSW.NE.'N') GO TO 150
IF(AN9W.E.'Y') CALL RPOUTCEDMTMgN)

200 PRINT*,'ANY MORE CHANGES TO THIS MATRIX? Y/Ne
* READ(*,' CA)')ANUW

IFCANSW.NE.PY'.AND.ANSW..NE.vN' )SO TO 200
IFCAN9I.E.'Yt)GO TO 100
IF(AN0W.EG. 'N')RETURNl

ELSE
PRINTS, 'SUB1SCRIPT OUT OF RANGE'
Go To 100

END IF
BE

C
C END SUBROUTINE EDIT
C
C

SUBROUTINE MATMLCA, , C, Lr NN)
C

C
C THIS ROUTINE WILL MULTIPLY TWOD REAL MATRICES
C A-AN L BY M MATRIX
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'a

C BAN N BY N MATRIX

C CTHE L BY N PRODUCT OF A AND B
C NOTE, ACTUAL ARGUIENT C MUST DIFFER FROM A AND B
C

C
REAL A(LN)tPB(NN)tC(LtN)
INTEGER ItJtKLtNN

DO 100 I-pL
DO 100 J-IN

CIJ),-0.0
100 CONTINUE

DO 200 I-,L
DO 200 J-1,N

DO 200 K-,M

200 CONTINUE
END

C
C END SUBROUTINE NATIH.
C
C

SUBROUTINE MATAD(ABDCLrM)
C

C
C THIS ROUTINE ADDS TWO REAL MATRICES OF DIMENSION L BY M
C A AND B ARE THE INPUTS, C IS THE SUM
C
C4- IC------------------------ - - - -
C

REAL ALM)B(LN)pC(LM)
INTEGER IJLM

DO 100 I-I1L
DO 100 J=1M

C(IvJ)-A(IpJ)+B(IgJ)
100 CONTINUE

END
C
C END SUBROUTINE MATAP
C
C

SUBROUTINE MAT9(ABCLpN)
C

C
C THIS ROUTINE SUBTRACTS REAL MATRIX B FROM REAL MATRIX A
C DIFFERENCE IS RETURNED IN REAL MATRIX C.
C ALL THREE MATRICES ARE OF DIMEMION L BY N
C
c--l-oss -- .- . --_.' _. s i o s i •i s ss s i. ".. ... .. .. . - -- -- ---------.

C
- IREAL A(LtM)pB(LpN)tC(L,)
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INTEGE IJLpM
* ' '00 100 IilnL

DO 100 J-1,M
C(IIJ)-A(IJ)-B(IpJ)

100 CONTIMIE

C END SUBROUTINE MATSB
C
C

SUBROUTINE SN.L(At BC, L, ,I)
1 -,. C

C

C THIS ROUTINE MULTIPLIES A REAL MATRIX BY A REAL SCALAR
C A- THE SCA.AR
C B- THE MATRIX
C C- THE PRODUCT
C B AND C ARE OF DIMENSION L BY N
C

• ~~~- --:--- - -- ----- = : - - - - ,-- --- ---- ------- t

C
REAL AgBLM)pC(LtM)

S.-: INTEGER IJ,LI
DO 100 I-1,L

DO 100 J-1,M
C IJ)=A3II(I, J)

100 CONTIUE
END

C
C END SUBROfUTINE S1UL
C
C

SUBROUTINE COPY'T(ADBPNM)
C! i '~ ~~~---:'- -;;- --:"-; - *464466641 ----------

C
C THIS ROUTINE COPIES A REAL MATRIX A INTO REAL MATRIX B.
C BOTH MATRICES ARE OF DIMENSION N BY N.
C -- - -

- - -- ---
C

~ ~- REAL A(NpM)IBCNM)

DO 100 I-1,N
DO 100 J-1,M

B(IJ)-A(IpJ)
100 CONTINUE

END
C
C EN SUBROUITINE COPYMT

*/~* C
C
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SUBROUTINE DSCRTC(ANTSAMPPHI PHINTpMpTPPTIDENTpCWMO)
C

C
C THIS ROUTINE APPROXIMATES THE STATE TRANSITION MATRIX AND ITS
C INTEGRAL FOR A TIME INVARIANT LINEAR SYSTEM AS A MATRIX EXPONENTIAL
C OYER A SMALL SAMPLE PERIOD. RESULTS RETURNED IN REAL MATRICES.
C A- SYSTEM DYNAMICS MATRIXt TYPE REAL
C N- STATE DIMENSION
C TSNP-n SAMPLING PERIOD
C PHI- STATE TRANSITION MATRIXp TYPE REAL
C PHINT- APPROXIMATE INTEGRAL OF PHIp TYPE REAL
C Ia NUIER OF TEI8 USED IN EXPONENTIAL EXPANSION
C TPp TIDENT AND CORK ARE DIUMY ARRAYS
C

-- ---- lpp 4 4-
C-"' C

REAL A(NN) ,PHINT(NN) ,PHI (NN), TIDENT(NN) , TP(NN)
REAL CWO (NN)
REAL TSAMPRIJ
INTEGER IJgMgN

DO 200 I-I1N
DO 100 J-IN

TIDENT(IJ)-0.0
100 CONTINUE

TIDENT(I, I)-l.O
200 CONTINUE

CALL 919JL(TSAMPTIDEKTPI4INTNN)
CALL COPYMT(PHINTqTPNN)
CALL SMUL(TSAMPAPHIpNtN)
DO 300 I-1,M

CALL ATL(TPPHIpCWO(] gNNN)
CALL COPYMT (CtORK, TP, N, N)
RIJ=1 . /REAL( 1+1)
CALL SIUL(RIJTPoTPpNgN)
CALL MATAD(PHINTTPpPHINTvNjN)

300 CONTINUE
CALL HATML(APHINTpTPpNpNgN)

[ Q.CALL IATAD(TIENTTPPHINN)

-~ C EN SUBROUTINE DOWR
C

SU ROUTINE KFILT(Z)
C

-- - - - - - --- ---i
C
C SUBROUTINE TO INCORORATE THE KALMAN FILTER INTO THE LOOP FOR
C NON-LINEAR PEWORMANCE ANALYSIS.
c

C.

CVIUO/CONTRL/UNE(4),UOLD(4),UCMD(4), UCLD(4),XOLD(12)I
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1 XM.()X()MLrV()
* -1 HC3,4)tPHIX(4,4).D(43)QD44R:3t3),XW(4,tXHMc4)K4t3)

REAL AW10(4,1),9WOR(4,1),COkM(31),Dakc(3,1,ECRK.4,1
REAL Z(3
CALL MATL(PHIXrX~fAMORK4,4,D1
CALL MATL(BDUNEWWORK43,1
CALL HATADCAIIOWDW(,XHM4, 1)
CALL MAT1L(HvXHMtCW~p3t4tt1

CALL HATI'LZCDhDORKERK3 I)
CALL MATALDIEOkXHPt4t,1

C

REUR
END
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A-4 Samole ProQram Execution

" The following pages contain a sample run of ODEFi5 on

the CDC Cyber computer. ODEC is the compiled binary code
..

for ODEFI5 and SCHLUS is the data file for the final

controller as given in Chapter 5. The output of the

computer Is in upper case and user responses are in lower

case text. No plots are shown In this appendix, but

Figures 5-9 through 5-23 are examples of the available

plots.
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Igt,ode,odec,schlus
FILE ODE RETRIEVED
FILE ODEC RETRIEVED
FILE SCHLUS RETRIEVED
/ima!
IMSL5 ATTACHED
/library(iasl5,ode)
LIBRARY(IMSL5,ODE)
/odec
INCORPORATE KALMAN FILTER? YIN:~?y

DATA TO BE READ FROM FILE? YIN:
? y
ENTER NAME OF DATA FILE:
? schlus
ANY CHANGES TO MATRICES? Y/N:

.? n
WRITE DATA TO OUTPUT FILE? Y/N:
? n

ENTER SAMPLING TIME:
? .025

* ENTER CANARD TRIM ANGLE OF ATTACK
? -.0857
ENTER STABILATOR TRIM ANGLE OF ATTACK IN RADIANS
?- .00457
RATE/POSITION LIMITS? Y/N:

'.e ANTI-WINDUP COMPENSATION? Y/N:

EMPLOY ACTUATOR DYNAMICS? Y/N:
•~ %.

ENTER DESIRED RESPONSE DURATION:
? t0
ENTER I AND X(I); 0,0 TO TERMINATE:
? 0 0
SELECT COMMAND INPUT & STEP MAGNITUDE:

" . ? 1,-.087
ENTER SOURCE OF OUTPUT MEASUREMENTS
I=SYSTEM STATES 2=OUTPUT VARIABLES

? I
ENTER STATES TO BE MEASURED (3)
? 1,2,4
ENTER # OF ITERATIONS FOR FILTER AVERAGE

SELECT SEED VALUE FOR RANDOM # GENERATION
? 354
CONTROL BASED ON XHAT+ OR XHAT-?
XHAT+=I XHAT-=2

I=OUTPUT VARIABLES 2=CONTROL INPUTS
3=CONTROL DEFLECTIONS 4=SYSTEM STATES

*?
------------------- ENTER TITLE FOR PLOT-------------
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? I SAMPLE ODEFI5 RUN, OUTPUT VARIABLES
..- :.. .0000 + + + + 3 + +

.2000 + + + 1 2 3 + +

.4000 + + + 1 2+ 3 + +

.6000 + + + 1 2 + 3 + +

.8000 + + + 2 1 +3 + +
1.0000 + + +2 +31 + +
1.2000 + + + 2 3 1 + +
1.4000 + + + 2 3 + 1 + +
1.6000 + + + 3 1 + +
1.8000 +: : : :+: 3 2 1+: : : : :+: : : : :+
2.0000 + + + 3 2 + 1 + +
2.2000 + + + 3 2 + 1 + +
2.4000 + + +3 2 + 1 + +
2.6000 + + 3+ 21 + +
2.8000 + + 3 + 21 + +
3.0000 + + 3 + 2+ 1 + +
3.2000 + + 3 + 2+ 1 + +
3.4000 + + 3 + 2 1 + +
3.6000 + + 3 + 2 + I + +
3.8000 +: : : +:3: : : :+: : 2 :+: : : :1:+: : : : :+

* 4.0000 + +3 + 2+ 1 + +
% ' 4.2000 + 3 + +2 1 + +

4.4000 + 3+ + +12 + +
4.6000 + 3 + + 1 + 2 + +
4.8000 + 3 + + 1 +2 + +

- - 5.0000 + 3 + 1 +2 + +
0 5.2000 + 3 + 1 +2 + +

5.4000 + 3 + +1 +2 + +
5.6000 + 3 + + 1 + 2 + +
5.8000 +: :3:: :+: : : : :+: :+12: :+
6.0000 + 3 + + + 2 1 + +
6.2000 + 3 + + +2 + 1 +
6.4000 + 3 + + 2 + 1 +
6.6000 + 3 + + +2 + 1 +
6.8000 + 3 + + + 2 + 1 +
7.0000 + 3 + + + 2 1 + +
7.2000 + 3 + + + 21 + +
7.4000 + 3 + + 1+ 2 + +

* 7.6000 + 3 + + 1 + 2 + +
7.8000 +3 : : : :+: : : :1: : : : :+: 2 : : :+: : : : :+
8.0000 +3 + 1 + 2 + +
8.2000 +3 + +1 + 2 + +
8.4000 +3 + + I + 2 + +
8.6000 +3 + + 1+2 + +
8.8000 +3 + + + 2 1 + +
9.0000 +3 + + + 2 1 +

", 9.2000 +3 + + + 2 + 1 +
9.4000 +3 + + +2 + 1 +
9.6000 +3 + + +2 + 1 +
9.8000 +3 : : : :+: : : :: : : : : :+:2: : : 1+: : : : :+

, 10.0000 3 + + + 2 1 + +
* SCALE -.130 -.900E-01 -.500E-01 -. 100E-01 .300E-01 .70E-01
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~ MORE OUTPUT PLOTS?
?
INPUT NAME FOR CALCOMP PLOT OF OUTPUT
? out
INPUT NAME FOR CALCOMP PLOT OF CTRL. DEF.

.? ?ctl
CHANGE MATRICES? YIN:
? n
MORE RUNS WITH NEW MODEL? Y/N:
? n
133.955 CP SECONDS EXECUTION TIME.
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APPENDIX B. STOLCAT

B-1 Introduction

STOLCAT is a modification of the Conversion And

Transformation (CAT) program originally written by Mr. A.

Finley Barfield (3]. It is an interactive program that has

been modified to allow for the increased dimensionality

associated with the additional control surfaces of the STOL

F-15. The program converts the raw aerodynamic data, i.e.

the nondimensional coefficients, weight and sizing

parameters, into a state-space model representation for the

* aircraft. STOLCAT can be used for longitudinal axis data,

lateral directional data separately, or both sets of data

simultaneously.

STOLCAT is written in ANSI FORTRAN 5 and is completely

self-contained. The user is prompted for all data needed

to run the program, Including the units and reference

frame of expected inputs. The software code listing and a

* sample program execution follow.

1.-2.
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B-2 STOLCAT Source Listing
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PROGRAI STOLCAT
REAL ALP1AQSCBtUDTHETApWDIXXDIYYpBIZZ,

1BIXZpDAL.PIApDPR, VT,
2CZA, CZQ, CZU, CZD1,CZD2, CZD3, CZD4, CZDS, CZD6, CZD7, CZDB,
3CXACXGCXUCXD1,CXD2,CXD3,CXD4,CXDSCXDSCXD7,CXDB,
4CM, CMi~, CMU, CilDi rCND2t CMD3p CIID4r CID5v CtD6, C1D7r CMDB,
5Z1,ZA,ZHZQZUZD1,ZD2,ZD3,ZD4,ZD5,ZD6,ZD7tZDB,
SXA, XH, XgXU, XD1,XD2, XD3, XD4, XD5, XDE, XD7, XD9,
7Ml1,MA, M14MGIp MDI, MD2MDS, MD4, MDSMD6, MD7,MDB

REAL CNBCYDtCLDLN
DIMENSION AMAT(44),DMT(4,B)
DIMENSION DIRMAT(55)rDIRDNAT(5t9)
CHARACT KEY, KEY 1, DATA 1, DATA2p DATA3p RUN
ClVARACTER*l STAB 1,STAB2
DATA 0 /48.1/,S /608./1 C /15.94/t B /42.7/, U /201./
DATA DTHETA /11.8030/t DAg"H /11.8030/M /33576.14/
DATA BIXX /23644./BIYY /118147./DIZZ /199674./BIXZ /-3096./
DATA CZA /-7.94976E-2/t CXA /1.5095276E-3/1 CMA /9.574119E-31
DATA CZQ /0./t CXQ 10.1t CHO /-. 16951603/

* DATA CZU /-1.06551597/p CXU /-6. 1932E-3/p CIIU /6.394289E-2/
DATA CZH /-1.*676463E-4/i CXH /6. 662777E-4/, CMH / 1. 76622E-4/
DATA CZDI /-2.63634E-3/, CXD1 /-1.552420E-3/9 CHII~ /5.57696E-3/
DATA CZD2 /-8.31511E-3/g CXD2 /-2.749671E-4/l CMD2 /-1.02066E-2/
DATA CZD3 /-5.59102E-3/v CXD3 /1.157373E-3/l CMD3 /8.52107E-4/
DATA CZD4 /-4.50943E-3/t CXD4 /9.4211093E-4/v CMD4 /-2. 1111SE-3/
DATA CZD5 /1.896349E-3/g CXD5 /-3.1209M9-3/1 CNDS /2.55459E-3/
DATA CZD6 /-7.422'954E-4/g CXD6 /-3.595656E-3/g CMD6 /-1.30123E-3/
DATA CZD7 /1.896349E-3/t CXD7 /-3.120999E-3/t CMD7 /2.55459E-3/
DATA CZDG /-7.422954E-4/t CXDB /-3.595659E-3/, r MA /-1.30123E-3/
DATA CLB /-2.973933E-31 049 /-5.506505W-4/t CYD /-1.637941E-2/
DATA CLP /-5.740524E-3/l CNP /-2.3099719E-3/t CYP / 0.000000000/
DATA CLR / 3.902348E-3/t CNR /-9.6999151E-3/t CYR / 0.000000000/
DATA CLDI/1. 0017E-4/p CND/-1. 3256E-3/t CYDI/3.0606E-3/
DATA CLD/-1. 14999E-4/g CND2/5. 1323E-4/0 CYD2/1.3139E-3/
DATA CLD/8. 5104E-4/l CNS3/4. 4637E-4/1 CYD3/-1 .0622E-3/

DATA CLD4/7. 5294E-4/p CND4/7. 613GE-5/l CYD4/- 1.*5235E-4/
DATA CLD5/6.9959E-4/g CND5/0.00/, CYD5/0.00/
DATA CLD6/9. 6816E-5/p CND6/ 1.*5934E-4/p CY6/0. 0/
DATA CLD7/-3. 7897E-5/g CND7/ 1. 357E-4/1 CYD7/0.0/
DATA CLD/-9. GB16E-5/t CND/- I *5934E-4/l CYDS/0.*0/
DATA CLD9/3.7897E-5/v CND9/-1.8357E-4/, CYD9/0.0/
DPR - 57.2957795
WRITEC*95) FORAT(1X,' G-- -------- ------

WRITEc:, 10)
10 FORMAT(X,'*** STABILITY DERIVATIVE TRANSFORMATION PROGRAM**'

WRITE C*,20)
20 FORMAT(1X,9.............

I'RITE(*, 100)
100 FORMATCIX,'ENTER BODY AXIS (NON-DIMENIOMALIZED) COEFFICIENTS ')

4 bIRITE(*t101)
101 FORMAT(IX,'FOR TRANSFORMATION TO DIMENSIONALIZED BODY AXIS')

WRITE(*, 102)
102 FORMAT(IAND TO SENERATE STATE AND INPUT MATRICES.')
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WRITE*41)
41 FORMAT(1X, NOTE. ALL COEFFICIENTS ARE REQUESTED WHEN COMPUTING')
103 CONT INUE

30 FRITC*, **iv 10)TAN-R-O--ONIUINLDTA- TPELN'
WRITEC*,16

17FORMATQ(X, 'TO TRANSFORM ONLY LATERAL-DIRECTIONAL DATA - TYPE LAT')
WRITE(*, 109)

.4109 FORMATQ(X, 'TO TRANSFORM BOTH LONG AND LAT-DIR DATA -TYPE B0TH')
WRITE(*, 111)

Ill FORMATC1XP'KEYWORD I)
READ(*, 109) KEY

109 FORMATCA3)
IFCKEY .EQ. 'LAT') GO TO 104
IF(KEY .EG. 'LON') GO TO 104
IF(KEY .EQ. 'DOT') GO TO 104
IF(KEY .EG. '6AM') GO TO 596

80TO 103

WRITE($, 500)

WRITE(*p510)
510 FORMAT(1X,'G2 (DYNAMIC PRESSURE -LBS/FT**2)

READ(*,*) 9
WRITE(*, 520)

520 FORNAT(IXS (WING REFERENCE AREA - FT**2) I)
READ*,*) S
WRITE(*, 530)

"1530 FORMAT(1X,'C (WING MEAN AERODYNAMIC CORD - FT) =)
READ(,*) C
WRITEC*, 540)

540 FORMAT(1X'B (WING SPAN - VT) = 1
READ(Sg*) B
WRITE (*, 550)

550 FORMAT(1X,'VT (TRIM VLOCITY - FT/SEC) )
READ (*,) U

ro VT=iJ
WRITE(t560)

560 FORMAT(IX,'THETA (PITCH ANGLE - DEGS) =)

READ(*,2) DTHETA
WRITEC*, 570)

570 FORMATC1X,'W (WEIGHT - LBS) = 1
READ(**) W
WRITE(*t575)

575 FORMAT(1Xj IINERTIAS MUST BE INPUT IN BODY AXIS.')
WRITE(*,580)

50FORMAT(1X,'IXX (SLUG-VT**2) = 1
READ(*t*) BIXI
WRITEC*1585)

3 ~-585 FORMAT(1X'IYY (SLUG-FT**2) z=I
* READ(*,) BIVY
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PROGRAM STOLCAT
REAL ALPHA~gSCDUDTHETAI4BIXXDIYYBIZZ,

1BIXZtDALPI4A,DPR, VT,
2ZACZGCZUCZD1 ,CZD2, CZD3,CZD4, CZD5, CZD6, CZD7,CZD9,
3CXACXGCXUCXD1,CXD2,CXD3,CXD4,CXD5tCXDSCXD7,CXD9,
4Crl HCliii CNDI, CND2t CD3,CMD4, CIIDS, IICND7, CNDS
5Z1, ZA, ZNZOZUZD1, ZD2, ZD3, ZD4, ZD5, ZD6, ZD7, ZDB,
6XA, XN, XGXUXD1, XD2, XD3, XD4, XD5, XD6, XD7, XD9,
7111,MA, MMG MMDI, MD2tMD3, MD4, MD5, 116, MD7pMD9
REAL CNB, CYB, CLD, LN
DIMENSION AMATC4p4)rBMAT(4,8)
DIMENSION DIRMAT(5p5),DIRBMAT(5,9)
C1ARACT KEY, KEY 1, DATA 1, DATA2p DATA3, RUN
CMMRACTRU STAB 1,STAB2
DATA Q /48.1/9S /608./1 C /15.94/t B /42.7/, U /201./
DATA DTNETA /11.8030/p DALPH4A /11.903041 /33576.14/
DATA BIXX /23644./tBIYY /181947./pBIZZ /199674./gBIXZ /-3086./
DATA CZA /-7.94976E-2/t CXA /1.5095276E-3/i CMA /9.57411SE-3/
DATA CZQ 10.1t CXQ /0./l CMO /-.16951603/
DATA CZU /-1.06551597/1 CXU /-6. 193E-3/t CPR) /6.394289E-2/
DATA CZH /-1.676463E-4/t CXH /6.662777E-4/l CMN /1.76622E-4/
DATA CZD1 /-2.63634E-3/1 CXD1 /-1.552420E-3/, CMD1 /5.57696E-3/
DATA CZD2 /-9.31511E-3/p CXD2 /-2.749671E-4/i 0102 /-1.02066E-2/
DATA CZD3 /-5.59102E-3/i CXD3 /1.157373E-3/p CM03 /8.52107E-4/

=DATA CZD4 /-4.50843E-3/g CXD4 /9.4211093E-4/y Ct104 /-2.11119E-3/
DATA CZD5 /1.996349E-3/p CXD5 /-3. 12096%-3/t 0105 /2.55459E-3/
DATA CZD6 /-7.422954E-4/i CXD6 /-3.595656E-3/0 CMD6 /-1 .30123E-3/
DATA CZD7 /1.896349E-3/1 CXD7 /-3.120989E-3/t CMD7 /2.55459E-3/
DATA CZDS /-7.422954E-4/t CXD9 /-3.59565SE-3/i CMD9 /-1.30123E-3/
DATA CLB /-2.973933E-3/t CND /-5.FO65055E-4/p CYD /-1.637941E-2/
DATA CLP /-5. 740524E-3/i CNP /-2.30997 19E-3/i CYP / 0.000000000/
DATA CLR / 3.90234SE-3/p CNR /-9.6999151E-3/t CYR / 0.000000000/
DATA CLD/1.0017E-4/l CND1/-1.3256E-3/i CYD1/3.0606E-3/
DATA CLD/-1. 14999E-4/1 CND2/5. 1323E-4/l CYD2/1.3139E-3/
DATA CLD/.5104E-4/l CND3/4. 4837E-4/p CYD3/-1 .0622E-3/
DATA CLD4/7. 5294E-4/t CND4/7. 6139E-5/1 CYD4/-1.*5235E-4/
DATA CLD/6. 9959E-4/l CN05/0.00/, CYD5/0. 00/
DATA CLD6/9.6816E-5/t CND6/1.5934E-4/i CYD6/0.0/
DATA CLD7/-3. 7997E-5/i CND7/1 .8357E-4/l CY7/0.0/
DATA CLD/-9. 6816E-5/t CND/- 165934E-4/, CYD9IO. 0/
DATA CLD9/3. 7997E-5/i CND9/-1 . 357E-4/i CYD9/0. 0/
DPR - 57.2957795
bIRITE(*t5) FORMAT(1X,'l------
WITE(*, 10)

10 FOMT(1X,'*** STABILITY DERIVATIVE TRANSFORMATION PROGRAM **')
WITE(*, 20)

20 OAT1,
WRITE(*, 100)

* 100 FORMATIX,'ENTER BODY AXIS CNON-DIMENSIONALIZED) COEFFICIENTS F)
IIRITEC*, 101)

101 FOWNT(IX,'FOR TRANSFORMATION TO DIMENSIONALIZED BODY AXIS')
WRITE(g, 102)

102 FORMATC1X,'AND TO GDtERATE STATE AND INPUT MATRICES.')
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I'RITE(*, 590)
590 FORMATCXPIZZ (SLU-FT**2) -=1

READ**) DIZZ
WIErc,595)

595 FORMAT(1X,'IXZ (SJuG--FT**2) -*
READ(*t,) DIXZ

596 COtITINUE

WRITE(*p610)

610 FORMTC16Xp'AIRCRAFT PARAMETERS')
URITE(*,615) 9

615 FORMATCIXv'Q (DYNAMIC PRESSURE - LBS/FT*22) - ',G13.6)
WRITEC*,620) S

620 FORMATC1Xt'S CWING REFERECE AREA - FT**2) - '1613.6)
WRITE(Sv625) C

625 FORMAT1Xv PC CWING MEAN AERODYNAMIC CORD - FT) - ',G13.6)
WRITE(*t630) 9

630 FORMATC1X,'D CUING SPAN - FT) - ',613.6)
WRITE(*,635) U

635 FORFT1X,'VT (TRIM VELOCITY -FT/SEC) - 'pS13.6)
WRITEC:,640) DTHETA

640 FORIATC1Xp'THETA - t,613.6)
WRITEC*p645) W

645 FORM'ATC1X,'U (WEIGHT - LDS) I ',13.6)
WRITEC:,650) DIXX

650 FORMAT(1Xt'IXX (SLUG-FT**2) = ',13.6)
WRITE(*o655) BIYY

655 FORNATC1Xt'IYY (SLUG-FT**2) = ',13.6)
WRITEC,1660) DIZZ

660 FORIIATCIXp'IZZ CSLUG-FT**2) = 'G13.6)
WRITE(*9665) BIXZ

665 FORMAT(1Xp'IXZ (SLUG-FT**2) = ',13.6)
WRITE C*,670)

600 CONTINUE
WRITE C*, 675)

675 FORMAT(1XvIS THE ENTERED DATA CORRCT ? (YES/NO) P)
READC*,690) DATA3

680 FORMATCA3)

IF(DATA3 .ED. 'NO 1) GO TO 104
IF(DATA3 .ED. 'YES') GO TO 686
GO TO 600

686 CONTINUE
WRITE(*, 105)

105 FOR'IAT(1XP'ALPHA (DES)
READ(*, *) DAlPtA
THETA a DTHETA/DPR

*ALPHA a DLH/P
IFCKEY .EQ. PLAT')GO TO 446
IFCKEY .EQ. 'GAN')GO TO 97
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bIRITEC*, 110)
110 FORMAT CIXt'CZA = -

READ(*,*) CZA
IRITE(*, 120)

120 FORPIAT(1Xt'CXA - t
READC*p*) CXA
WRITE(*, 130)

130 FORMAT1XtgCI'A a t
READC*,*) CHA

14 IRITE(*, 140)
10FORMAT C XttCZQ a1

READC*,*) CZQ
WITER*,l50)

150 FORMATCIX,'CXG -*
READ(*,*) CXG
WIRITE(*, 160)

160 FORMAT(1X,'CMA -=1
READ(*t*) CMN

170 FORMATC1X,'CZU t)
0 READ(*t*) CZU

* IJRITE(S, 190)
180 FORMATC1XP'CXU = )

READ(*,*) CXU
* WRITEC*, 190)

190 FORMATC1X,'CMU = 1
READ(*,*) CMLJ
I'RITEC* 191)

191 FORMATC1XttCZH - 1
READC*t*) CZH
WIRITE(*, 192)

192 FORMATC1X,'CXH = 1
READ.:,*) CXH
IJRITE(*, 193)

193 FORMAT(IXP'CMH -=1
READ(*,*) CMH
IdRITEC*, 200)

200 FORMATC1XP'CZD1 -=1
* READCt*) CZ01

WITE(, 202)
202 FORMAT(1X,'CXD1 -=

READC*p*) CXD1

204 FORMATlXbPMDl -=1

READ(*q*) CIDi
WRITE(*, 206)

206 FORIIAT(1Xv'CZD2 - 1)
READ(**) CZD2
WIRITE*, 206)

209 FORIIATC1X,'CXD2 =)
V *47READ(*t*) CXD2

IJRITE(*, 210)
210 FORMAT(1Xr'CND2 1)
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READ** CD
WRITEC*, 212)

212 FCRMT(IxttcZD3 z t
READC** CZD3
WRITE*t214)

214 FORPIATC1Xt'CXD3 - t
READ(*t*) CXD3
WRITE(*, 216)

216 FORMATCIXttCND3 m t
READ(*t*) CM3
WRITE(*t219)

219 FORMAT(1Xt'CZD4 = t
READ*,*) CZD4
WRITE C*,48)

45 FORMAT(IXtPCXD4 z t)
READ(*g*) CXD4
WRITE(*r50)

50 FORMATCIXttCMD4 - t
READ (*,t*V CPGD4
IJRITEC*1 55)

55 FORMAT(IX,'CZD5 a P
READC*t*) CZD5
WRITE(*t60)

60 FORM'ATCIXt'CXD5 -=t
READ(*p*) CXD5
WRITEC*, 65)

65 ROAT(1Xt'CND5 a=t
READC*t*) ClID5
WRITE (*, 70)

70 FORIAT(1Xt'CZDS,= t)
READ(*t*) CZD6
WRITE C*,75)

75 FORMAT(IX,'CXD6 m 1
READC*t*) CXDS

* WRITE(*80)
90 FRMTC1X,'CHD6 m t

READ(*g*) CND6
WRITE CS, 5)

95 FWMIT$1XttCZD7t)
RADC*t*) CZD7
WRITE(*f99)

99 FaMT1Xt PCXD7t)
READC:2* CX07
WRITECS 1 90)

90 FORMT(1XttCID7
READ(**) CND7
WRITE (*,92)

92 FOR'IATC1XptCZD3 t)
a, READ**) CZDS

WRITECS, 94)
94 FORMATCIX9'CXDS t)

READC*g*) CXD9
WRITEM(596)
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96 FOHT(1X'CN 1)

97 ONTINUE
WRITEC*, 225)

225 FORM'AT(X,'>."7 ----- t:i. I )

* WRITEC*t230) DALPHA
230 FORPIATC15XpPALPHA -PoS13.6)

IJRITE(*, 345)
345 FORMAT(6Xp'LONGITUDINAL MON-DIM BODY AXIS COEFTICIENTS(1/DEG)')
c

CAL = COS(ALPHA)
SAL. - SIN(ALPHA)
cosAg m CALM*
SINSO - 9AL**2
COSSIN = CAL*SAL
CTH = CO9(THETA)

-~ 9TH = SIN(THETA)

I1E (*1360) CZA, CHA, CXA
360 FORMAT(3Xt'CZA z ',S13.69Xp'OIA - ',G13.65X#'CXA = lr,.

bIRITE(*1390) CZGtCNACXQ
390 FORMAT(3Xp'CZQ - ',613.6,8Xg'O'I m ',613.6tXO'CXQ = ,16

WRITE(*,400) CZHtCNHICXH
400 FORIIAT(3Xv'CZH - ',613.6gXp'c114 - ',813.6p5X,'CXH - OtG13.6)

IdRITE(*p410) CZUICMUCXU
410 FORMAT(3X,'CZU = ',613.6,SXrCMU = ',613.6,5X9'CXU - ',613.6)

lIRITE(*p370) CZDlrCMD1,CXP1
* 370 FORIIAT(2Xt'CZDI = ?gG13.6v7X,'CMD1 - ',G13.6p4X,'CXDI = ',613.6)

* IIRITE(*,390) CZD2pOMD2CXID2
3930 FORMATC2Xv'CZD2 - ',G13.6r7X,'CND2 z ',G13.6,4X,'CXD2 = ',613.6)

WRITEC*,391) CZD3,CPD3pCXD3
391 FORMAT(2Xq'CZD3 a ',B13.6,7Xt'CMD3 - 'G613.6#4X,'CXD3 = ',613.6)

WIRTE(*, 392) CZD4, CNN, CXD4
392 FORMAT(2X,'CZD4 - ',613.6,7Xt'CMD4 - 'GQ13.6,4X'lCXD4 = ',613.6)

bIRITE(*,3B3) CZD5,CMDSCXD5
383 FORPIATC2X,'CZD5 - ',613.6r7X,'CND5 = ',613.6r4X,'CXD5 - ',613.6)

WRITE(*,394) CZD6,pCMD6rCXD6
34FORIIAT(2X,'CZD6 - l'613.6,7XrPCND6 = ',613.64X'CXDS - '9G13.6)

IIRITE, 395) CZD7, CMD7, CXD7
395 FGRMITC2XptCZD7 - PpS13.6p7XpfCMD7 - '613.64XpCXD7 - ',613.&)

WRITEC*, 396) CZD9, CND9,CXD9
396 FORPAT(2X,'CZD9 - ',813.67Xv'CMD8 - ',G13.6#4X'CXD9 a '6G13.6)

WITEC*, 320)
320 FORMATIX,'IS THE ENTERED DATA CORRECT ? (YES/NO)')

READ(*,330) DATAI
330 FORMAT (A3)

.4 IF(DATAI .EQ. 'NO 1) 8O TO 686
I.-,' IF(DATA1 .EQ. 'YES') GO TO 340

GO TO 315
340 CONTINUE
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ZI - CG*q .2)/WI
A - C/C2.0*U)
THETA - DTHETA/DPR

ZA = Zl*CZA*DPR

ZH - CZI/U)*CZH
ZG = Z1*A*CZG*DPR
ZU a 2.*CZI/U)*CZU
ZDI = Z1SCZDISDP
ZD2 - Z1*CZD2*DPR
ZD3 m Z1*CZD3*DPR
ZD4 - Z1*CZD4*DPR
ZD5 - Z1*CZD5SDPR
ZD6 - Z1*CZD6*DPR
ZD7 - Z1*CZD7*DPR
ZDe - ZI*CZDB*DPR

C
XA = Z1*CXA*DPR
XH -N (ZI/U)*CXH
XG - Z1SA*CXG*DPR
XU a 2.*(Zl/U)*CXU
XDl - Z1*CXDI*DPR
XD2 - Z1*CXD2*DPR
X113 m Z1*CXD3SDIPR
XD4 - ZI*CXD4*DPR
XD5 - Z1*CXDS*DPR
XD6 m ZI*CXD6*DPR
XD7 = ZI*CXD7*DPR
XDS - ZISCXDS*DPR

C
Ml - (G*S*)/BIYY

'IMA - MIEPMA*DPR
194 - CM1/U)*0
MG - M1*A**MGSDPR
MU - 2.*(MI/U)sCM
Mli - MI WM1*DPR
MD2 - M1*IMD2EDPR
M = MI*CMD3SDPR

MD4 a MI*CMD4*DPR
M05 - m1*CNDSSDPR
MD6 - M1*CMD6*DPR
MD7 - M1*IMD7DPR
MO = M1*CPMBSDPR

WRITEC*, 700)
700 FORMAT CSX, LDNITUDINAL AXIS DIMElSIOIML DERIVATIVES')

IIRITE (5,705)
705 FORMAT (15X,'DDDY AXIS (1/RAD)P)

WRITEC*,710) ZArMAXA
710 FORMATC4XptZA Pt',13.619X,'MA - ',613.&,6Xp'XA 11813.6)
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WRITEC$,720) ZGMGXQ
720 FORMAT(4X,'ZG2 = ',613.6t9X,'MO w ',913.6t,6XX m ',913.6)

WRITE(*t730) ZHrMHtXH
70FORIAT(4XqtZH - ',613.6t9X,'MH = ',613.6tSXp'XH = ',613.6)

WRITE(*, 740) ZUMU, XU
740 FORMAT(4Xt'ZU w tt,613.6t9X,'MUJ a ',613.6,SXt'XU - ',613.6)

bIRITE(*t750) ZDIpMD1,XDI
750 FORATC3XttZD1 - ',613.61BXt'MD1 - ',613.6t5Xt'XDI = ',613.6)

IJRITEC*g760) ZD2tMD2tXD2
70FORMATC3Xt'ZD2 = t,613.6,8Xt'MD2 = tv6l3.6t5Xv'XD2 = ',613.6)

WRITE(*,770) ZD3,MD3tXD3
770 FORMAT(3XtPZD3 - ',613.6t9Xt'MD3 = t,613.6g5Xt'XD3 = ',613.6)

IERITE(*1790) ZD4tMD4,XD4
790 FORMAT(3Xp'ZD4 = 't6l3.61BXt'MD4 = ',613.6t5XttXD,4 - '6G13.6)

&IRITEC*, 790) ZD5,MD5,XD5
790 FORMT(3XwtZD5 = ',6l3.6g9X'tMD5 = ',61l3.6,5X,'XD5 = ',613.6)

bRITE(*,900) ZD6tMDSXDS
800 FORMAT(3X,'ZD6 = t,61l3.6,BX,'MD6 = tt613.6tSX'tXD6 = ',613.6)

IRITEC$,910) ZD7,MD7gXD7
910 FORMAT(3Xp'ZD7 - ',613.6tBX,'MD7 = ',613.6t5Xt'XD7 = 1,613.6)

WRITE(*1820) ZDBMD9,XDG
920 FORMAT(3X,'ZD9 = ',613..&,SXptMDB = ',613.6t5Xt'XDB = F,613.6)

IRITE(*t830)
830 FORMATlXp,'<i ----:: t)
C
C DEVELOPMENT Or STATE MATRICES
C

AC DEVELOPMENT OF THE PLANT MATRIX - A
C

VT-UJ
AMAT(1,1) = XU

*AMAT(lt2) = -VT*SAL
AMAT(1,3) = XA
AMAT(l,4) = -32.2*CTH
AMAT(2,1) a MU
AMAT(2,2) - Mg
AMAT(2p3) - MA
ANATC2t4) - 0.0
ANAT(3,1) - ZU/VT
AMATC3p2) - CAL
AIIATC3p3) - ZA/VT
ANAT(3t4) - -32.2*STH/VT
AMATC4t1) a 0.0
ANAT(4t2) - 1.0
AMAT(4v3) a 0.0
AMAT(4t4) = 0.0

C
C

WRIlE (*t*)
WRITE(:,950)

8 50 FORAT('1',SX,'LON6ITUDNAL STATE MATRIX(DCIDY AXIS)')
IRITECt*)
WITE(*, 942)
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842 FORMATC'O', 2X, 'FOR STATEl1U,9TATE2-QSTATE3ALPHASTATE4THETAe)
WRITE(*,*)
DO 955 1.1,4
WRITEC*p9&0) (NIAT(IJ)vJ=1,4)

855 CONTIUE
960 FOR'IAT('0',2Xp4(S13.6,4s))

2 IWRI TE (*,*)

*C NOIW WE'LL SET THE INPUJT MATRIX -B

DNAT(1,1 = XDI
DNAT(1,2) a XD2
DIAT(113) n XD3
DIIAT(1,4) - XD4
DHAT(1,5) - XD5
BNAT(1,6) a XDS
BMAT(1,7) - XD7
BMAT(1,9) - XD9
BOIAT(2gl) a MD1

* 9AT(2p2) - MD2
DIIAT(2p3) = MD3
BHAT(2t4) = MD4
DMT(2p5) = MD5
DMAT(2p6) = MD6
DNAT(2,7) = MD7

tj MAT(2,B) = MD8
DNAT(311) = ZD1/VT
9NAT(3.2) a ZD2/VT
DMTC3p3) a ZD3/VT
DMAT3,4) n ZD4/VT
DIIAT(3p5) = ZDS/VT
DNAT(3,6) - ZD6/VT
BMAT(37) = ZD7/VT
BM'AT(3,9) = ZDB/VT
DO 965 1=19
BNATC4,I) = 0.0

965 CONTINUE
C
C PRINT OUT THE LONG INPUT MATRIX
C

WRITE(*,*3)
WRITE (*1970)

970 FORMAT( f0',SXLONITUDNAL INPUT MATRIX')
* WRITE(*,*)

WRITE(*, 969)
969 F0'IAT (2X, 'FOR DEL 1-CANARD, DEL2=STAB, DEL3=TEF, DEL4=-DR AILERON')

WRITE (3,969)
869 FORMAT(2Xp' DEL5-RT RVp DEL..S-RD RV, DEL7=LT RV, DEL9-LB RV')

WRITE (*,*)

WRITE(*,*)
WRITE(*p971)

971 FORMAT('0',5X,'ROWI', lix, ROW2' ,liX, 'ROW3' ,iX,'ROW4')
WRITE (*,*)
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* - *2-'DO 972 1=1,9

972 CONTINME
WRI TE (*t*)

875 CONTINUE
WRITE(*,p73)

973 FORMAT(1Xt' DO YOU WANT STAB AXIS DATA FOR LONG?(Y/N)')
READ(*y874) STABI

974 FORMAT(AI)
IF (STAD1 EQ. 'Y' ) 60 TO877
IF ( STABI .EQ. IN' ) G0OTO 857
SO TO875

977 CONTINJE
C
C-------------4--0 Mo M----- -- ----

C*( CONVERT BODY AXIS DATA TO STABILITY AXIS(
C((FOR CHECK WITH MCAIR DATA)(

CUM

SMI -c U*CAL + (N4A/U)*SAL*CAL)
91*1 (C SNU / MU )* NH )
SM-C MA * COSSG -MU* U *SAL)

V0  SMD ND
SIAD MD2

SMD4 =MD4

S11D6 *MD6

SMD7 = D7
SMN - mD

C
SXU-XU*COS+ CZA/U)*SINSGVCAL+ C CXA/U) *CAL+ZU)*SAL-*CA
SXH - (SXU/XU)*XH
SXA - XA*CAL**3 -U*ZU*SINSG - (U*XU -ZA*CAL)*CAL*SAL

* SXG XG*CAL + ZG*SAL)
SIDI (XD1*CAL + ZDI*SAL)
SXD2 -cXD2*CAL + ZD2*SAL)
SXD3 =(XD3*CAL + ZD3*SAL)
SXD4 ( XD4*CAL + ZD4*SAL)
SXD5 (XDS*CAL + ZDS*SAL)

- G*SXD6 ( XD6*CAL + ZDG*SAL)
SXD7 = (XD7*CAL + ZD7*SAL)
SXDS = (XDB*CAL + ZD8*SAL)

C
SZU-ZU*COSSG-CXA/U)*SINSG*AL- (XU-(ZA/U)*CAL)*SAL*CAL
SZH = CSZU/ZU) * ZH

* - -SZA-ZA*CAL**3 + U*XU*SINSG (U*ZU + XA*CAL)*CAL*SAL
- -SZQ a (ZQ*AL - XG*SAL)

* .SZD1 - ZD1*CAL -XD1*SAL)
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- -- - r .1 -W r r r -- -l- - ---

8ZD2. C ZD2*CAL -XD4*SAL)
SZD5 - (ZD5*CAL - XD53UAL)
SZD6 a (ZD4*CAL - XD6*SAL)

SZD7 - CZD7*CAL - XD7*SAL)
SZD8 = (ZD9*CAL - XDS$SAL-)
IJRITEC*, 701)

701 FORMAT C'0',SX,PLOI4BITUDINAL- AXIS DIMENSIONAL DERIVATIVES')
WRITE(*, 702)

702 FORMAT C15X,' STABILITY AXIS Ci/RAD) P)
IRITEC*,711) SZASMAvSXA

711 FORMAT(4XpPZA - 'p613.6v9Xt'MA - 'v613.6p&XptXA - 11,913.6)
WRITEC*v721) SZGS?1GSXQ

721 FORMT(4X,'Zg - ',613.6g9X,'MD = tp613.6,6X,'XQ = Pp613.6)
W3RIITE(*p731) SZHpSMSXH

73 FORtMAT(4Xr9ZH = 9,613.6,9X.IMH - tyS13.6p6XpgXHi = ',613.6)
IdRITE(*1741) SZUSMUqSXU

741 FORMAT(4Xg'ZU = ',613.6p9X,'IIU ='Yr13.6t6XpFXU = rtS13.6)
* WRITE(*1751) SZD1,SMDIISXD1

751 FORMATC3X,'ZD1 = ',613.61BXp'IID1 = PpS13.695X#'XDI - P,913.6)
IIRITE(*,761) SZD2tSMD2,SXD2

761 FOMT3jZ2=',613.6rBX,'FMD2 = 'r613.6p5Xp'XD2 = ',613.6)

771 FORMATC3X,'ZD3 = ',613.6rS9,'MD3 = PpS13.6p5XpPXD3 - P,613.6)
WRITECt791 SZD4pSMD4,SXD4

791 FRMTC3XP'ZD4 = 7,613.6pBXp'ND4 = ',613.6,SXpPXD4 = ',613.6)
WRITEC*g791) SZD5,SMD5pSXD5

791 FORMATC3XPPZD5 m ',S13.6vBX,'MD5 a 'pG13.6p5X,'XD5 m t,813.6)
WRITE(*,900 SZDS,9MD6SXD6

101 FORtAT(3X,'ZD6 = ',613.6p8Xv'MD6 = ',61l3.6,5X,'XD6 = ',613.6)
WRITE*911) SZD7,SMD7,SXD7

911 FOMT(3X,'PZD7 - vvG13.6,BX,'1MD7 = ',G13.&,5%'v'XD7 = ',S313.6)
IIRITE(*,920) SZDSSMD9,SXDG

821 FORMAT(3XtPZDS - '61l3.6pBX,'MDB = ',613.6p5Xg'XD9 - ',613.6)
WRITEC:, 930)

990 FORMAT(2Xp4C913.6,2X))

0C AMAT(1,1) = SXU

AMATCI,2) - 0.0
AMAT(1,3) = SXA
AMATCI,4) - -32.2*CTH
AMATC2pl) - SM6
AMAT(2,2) = 9M
AMAT(2p3) = SM
AMAT(2t4) - 0.0
AMAT(3p1) = SZU/U
AMAT(3,2) = 1.0
AMAT(3p3) -SZA/U

*AMATC3g4) - -32.2*STH/U
AMAT(4p1) - 0.0
ANATC4t2) a 1.0
AMAT(4v3) - 0.0
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AMAT(4p4) -0.0

C WRITE(*p851)
C851 FOMAT'0,5Xv'LONITUDN.. STATE MATRIX (STAB AXIS)')
C WRITE(*,s)
C WRITE(*, 942)
C WRITEC$,*)
C DO 856 1=1,4
C WRITEC*,960) (AAT(IJ),JaI,4)
C856 CONTINUE

957 CONTINUE
IF (KEY .ED. 'DOT' ) 90 TO 446
I F (KEY .EQ. t'SAI' ) SO TO 1465

421 CONTINUE
WRITE*430)

430 FORMATC1X,'IS ANOTHER PROBRAM RUN DESIRED ? (YES/NO)')
READ(:,440) RUN

'r 440 FORMAT(A3)
WRITE (*, 445)

445 FORMATC1X,'...............................................)
IF(RJN .EQ. 'NO P) 80 TO 450
IF(RUN .EQ. 'YES') GO TO 103
80 TO 421

446 CONTINUE
C
C THIS IS WHERE THE LATERAL DIRECTIONAL STARTS
C

WRITE(*, 1110)
1110 FORMAT(1X,'a..B (1/DES) = 0

READ**) CLD
WRITE(*, 1120)

1120 FORMATCIX,'CNB (1/DES) -=9
READ(*g*) cNa
WRITE(*, 1130)

1130 FORMAT(1Xp'CYB (1/DES) -*
READ(*,*) CYD
WRITE(*, 1140)

1140 FORMAT(1X'CLP (1/DES) -)

* READ(*p*) C2LP
WRITEC*, 1150)

1150 FORMAT(1XCNP (1/DES) P)
, *%READ(*p*) CNP

WRITE(:, 1160)
1160 FORMAT(1XP'CYP (1/DES) P)

READ(*,*) CYP
WRITE(*p1170)

1170 FORIIAT(IX,'CLR (1/DES)=
READ(**) CLR
WRITE(*, 1190)

1190 FORIIAT(1X,'CNR (1/DES) 1)
READ($,*) CNR
WRITE(*, 1190)

1190 FORMAT(1Xv'CYR (1/DES) 1)
READ(*p*) CYR
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~~ WRTE(*, 1200)
1200 FMT1X,'CLD1 ClDES) - F

READ(*,*) CLDI
IITE(*, 1210)

:9: 1210 FOUtITCIXtCNDl (1DES) =
READ**) CND1
WRITE(*, 1220)

1220 FORATC1XptCYD1 ClDES) * F

READ**) CYDI
WRITE(*, 1230)

1230 FCRNTCX'CLD2 (1/DES) z
READ*,*) CLD2
WRITE(*, 1240)

1240 FORMATCIXPCND2 ClDES) =

READ(** CI4D2
WRITE c; 1250)

1250 FORMAT(1X,PCYD2 (1DES) -
READ(*t*) CYD2
WRITEC*, 1260)

1260 FCJRPATCX'CL.D3 ClDES)=
READ(*,*) aLD
WRITE(*, 1270)

1270 FOROAT(1X,'CND3 (1DES) a=t
READ(**) CND3
WRITE(*, 1290)

1200 FMT(1X,'CYD3 (1/DES) P )
READ(*,*) CYD3
WRITEC*, 1290)

1290RFATCIX,tCLD4 (1/DES)
READ(*,*) cLD4
WRITEC*, 1300)

1300 FcRMAT(1X,'CND4 (1/DES) P
READ(*,*) cNQ4
bIRITE(*, 1310)

1310 FMRHT(1X,'CYD4 (1/DE-S) a

READ(*,*) cYD4

* WRITEC*, 1320)
1320 FCO'IAT(1X,'CLD5 Cl/DES) P=

0 READ(*,*) cLD5
WRITE(*, 1330)

1330 FORMT(1X,CND5 (1/DES)
-V READ(*,*) cND5

WRITE C*, 1340)
1340 FOWHTC1X,'CYD5 (1/DES) P)

4 READ(*t*) CYD5
WRITE(*, 1350)

1350 FORPIT(IXt'CLD6 (1/DES)
READ(*,*) cLD6
WRITEC*, 1360)

1360 FCRHT(1X,'CND6 (1/ErS)
READ(*,*) CD
WRITE(*, 1370)

1370 FOMT(IXt tCYD6 (1/DES) p

143

o.-



K. ~ READ(g,*) CYD6
4 WITE(*, 1390)

1390 FOIATC1X'CLD7 (1DES) - P
READ(*p*) CLD7
IdRITEC*, 1390)

*1390 FORtIAT(1Xt'CND7 (1DES) - P
READ(*t*) CND7
WITE(*, 1400)

1400 FWCRtATC1Xt'CYD7 (1DES) - P)
vs.-.READ(*p*) CYD7

WRTE($,10
1410 FORI'ATCIXp'CLDS ClDES) -m

READC*,S) CLDO
WITE(*, 1420)

1420 FORNTC1Xt'CND9 (1DES) - t
READ(*p*) CND9
W'RITEC*, 1430)

1430 FORAT(1XP'CYDB (1DES) m-P
READC*,*) CYDS

* IJRITE(*, 1440)
1440 FORIITC1X,'CLD9 ClDES) - P

READC*,*) MLD9
WRITE (2,1450)

1450 FORMAT(1Xp'CND9 ClDES) -)
READC*t*) CND9
IITEC*, 1460)

1460 FORPIATCIXt'CYD9 (1DES) 1)
READ(*t*) CYD9

V. IrJRITE(*, 1470)
1470 FORNATC'1'BOX,'LAT-DIR BODY AXIS COEFFICIENTS')

IMCEY .EQ. 'LOW') SO TO 1490
IFCKEY .EQ. 'DOT') SO TO 1490
IJRITE, 1460) DALPHA

1490 FORMATC15XP'ALPH4A - ',53.6
1490 CONTINLE

IdRITEC*,1500) CLDtCNDCYD
1500 FORNAT(3X'CLD a ',S13.608Xp'CND a ',913.695XtCYD - ',913.6)

WRITEC:, 1510) CLPCNCCYP
1510 FOMNT(3Xp'CLP a PgG13.6vSXtyCNP = ',513.6p5Xp'CYP a ',613.6)

WRITEC*, 1520) CLRtCNRtCYR
1520 FOIMIT(3X,ICLR a 'pG13.6p8Xt'CNR m ',pG13.6p5Xj'CYR - ',G13.6)

* MRITEC, 1530) CLD1,CND1,CYD1
1530 FORHfATC2Xt'CLD1 a ,S13.6t7XttCNDl - ',813.64Xv'CYDI - ?pG1 3 .&)

150bRITE(*, 540) CLD2,CND2tCYD2
150FORAT(2XCLD2 fG13.6r7Xt'CND2 = ',613.6#4XpCYD2 - tvG13.6)

1550 FORMAT2X,'CLD3 a ttG13.6v7Xv'CND3 n ',G13.6t4XtCYD3 = '6G13.6)
bmITE(*t1560) CLD4tCND4tCYD4

1560 FORNAT(2X'CLD4 a ',913.6p7XvfCND4 a ',B13.6t4Xt'CYD4 a ',S13.6)
* - WRITEC*, 1570) CLDSCNDSCYD5

1570 FGRMT(2X,'CLD5 = ',G13.6p7Xp'CND5= ',613.6t4Xt'CYD5 = 'G13.6)
URITEC:, 1590) CLD6tCND6tCYD6
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~ 1530 FMThNT2X,ICLD6 -'p,813.6g7Xp'CND6 m ',913.6p4X,'CYD6 w ',613.6)
WRITEC*tl159) CLD7pCND7tCY07

1590 FORH'AT(2Xg'CLD7 - '913.6t7X,'CND7 = ',613.6p4Xp'CYD7 - '#613.6)
WRITEC*, 1600) CLD9,COfhCYD6

V1600 FMWT2XtPCLDS - ',613.6t7X'CND8 - ',613.6w4X,'CYDG - ',613.6)
IRITEC*, 1610) CLD9,CND9,CYD9

1610 FORNAT(2Xp'CLD9 a 0,G13.6p7Xp'CND9 = 't6l3.6g4X9'CYD9 - '1613.6)

bIRITEC**1)
RIEA(*160) AA

1630 FORMATQlX,'IS THE ENTERED DATA CORRCT ? (YES/MO)'

1640 FORIAT(A)
IF ( DATA2 ME. 'NO') GO TO 446
IF ( DATA2 .02. 'YES' ) 90 TO 1645

-e GO TO 1625
1645 CONTI NUE

IdRITEC*, 1646)
* 1646 FORMATU1DO YOU WANT STAB AXIS DATA FOR LAT-DIRI (Y/N)')

-~ READC*, 1647) STA82
1647 FORNATCA1)

IF ( STAB2 .ED. 'N') GO TO 1901
IF ( STAB2 .EQ. 'Y') GO TO 1648
GO TO 1645

1648 CONTINUE
BSAU4H=-ALPHA
CSA-COSCBSALPH)
SSA-SIN(BSALPH)
CS=CSA*CSA
SS=-SSA*SSA

C
SCLP-CLP*CS + ENR*9S - (CLR + CNP) *CSA*SSA
SC' DR-C9 -C CNP*SS + (CLP -CNR)*CSA*SSA

SCfLB-CRB*A - N3*SSA
SCLDI-CLD1*cSA - CND1*SSA
SCL-D2-CLD2*CSA - IZNDZRSSA

* SCLD3-CLD3*CSA - CND3*SSA
SCaD4-CLD4*CSA - CMD*SSA
SCLDi9 LD5tCSA - CND5*SSA
SC P&-CLD6P*CSA - CND6*SSA
SCID7-cLD7*CSA - CND7*SSA
SC I' B=C9*CA - CND9*SSA
SLD9-CLD9*CSA - CD*S

C
SCNP=CNP*CS - C.R*SS + (CLP -CNR) *WSA*SSA
SCNR-CNR*CS + CLP*SS + (CLR + CNP' *CSA*SSA

SCN wNB-CA + CLB*59A
SCND1-cND*cSA + CLD1*SSA
3[ 2=N*CA + fLD2*SSA

SCND3-CND3*CSA + CLD3*SSA
111131 ND4ICS + CLD4*99A
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4.- ~ m u5*CS + CLD5*SSA
SCD=ND*S + CLD6*SSA

SCND7.CND7*CSA + CLD7*SSA
Or ium M*A + CLD6*SSA
SCNi utND9*A + aLD9*SSA

SCYP-CYP*CSA - CYR*SSA
ScYR=CYR*CSA + CYP*SSA
WCYD
WRITE(*, 1471)

1471 FORNATCBXI'LAT-DIR STAB AXIS COEFFICIENTSF)

WRITE,913.6,SXSCYD - ',613Y6
151FORNAT(3Xp'CLP a gp613.6,BXp'CNP a ',91l3.695Xp'CYP - ',613.6)

WRITEC*g1521) 9CRSCNR1 W(RP
1521 FOC'IT(3Xt'CLP - Pvl613SX,'CN = Pt613.6l5Xt'CYR - 10813.6)

IJRITEC*,1531) SCLD1SCND1,CYD1
1531 FORMAT(3Xp'CLD1 w ',63.GpXCNDI a l,G3.6,X,CYD1 a '13.6)

IdRITEC*,1541) SO lD2SCNDltCYD2
* 1541 FORtIATC2Xp'CLD2 n ',913.6p7Xq'CND1 - ',613.6t4X,'CYD2 = 0,613.6)

WRITE(* 1551) SCLD20SCND3,CYD3
1541 FORMAT(2X,'CLD - ',913.6p7X,'CND3 - 'p913.614X,ICYD2 - t,813.6)

A WRITEC*,1561) SCLD4,SCND4,CYD3
1561 FORMAT(2Xp'CLD3 - '61l3.6p7X#'CND3 - ',613.6,4Xp'CYD3 - t,613.6)

WRITE(* 1571) SCLD4,SCND5,CYD4
1571 FORMAT(2XP'CLD4 = '6813.6,7X,'CND4 - ',613.64XOICYDS - '1613.6)

WRITEC*, 1561) SCLD6,SCND6,CYD5
1571 FRMTC2Xt'CLD6 - ',61a3.6,7X,PCND5 = ',613.6j4Xr'CYD6 = ',613.6)

IJRITE(*, 1591) 9CLD7,9CND7,CYD7
1591 FORIAT(2XPCLD = Pt63.6v7Xr1CND7 = l',913.6,4X,'CYD7 = v,613.6)

1601 FORIIATC2X,PCLD7 = ',913.6p7Xt'CND7 = ',613.6,4Xp'CYD7 = ',S13.6)
WRITEC*, 1611) SCIDSCND9,CYDO

1611 FORMATC2Xp'CLD9 - 't613.6p7Xp'CNDG - ',G13.6,4Xt'CYD9 - Op613.6)

WRITE**)
C

SIXX-BIXX*COSSG + DIZZ*SINSG - BIXZ*SINC2*ALPHA)
SIYY-BIYY
SIZZ-BIZZWCSSG + BIXX*SINSQ + BIXZ*SIN(2*ALPHA)
SIXZ-BIXZ*COS(2*ALPHA) + .5*(DIXX -BIZZ)*SIN(2*ALPHA)

C
SN - DPR*(G*S*B)/SIZZ
SL a DPR$(M)/SIXX
SB - B/C2.0*J)
SY a DPR*(935*32.2)/W
9MB = SN*SCNB
SWE m SN*9B*SCNP
9NR m SN*S3*SCNR
SND1 - SN*SCND1

* - SND2 - SN*9CND2
Th~ SND3 a SN*9CND3

SND4 - SN*SCND4
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vnnwrrww rw - -,N

,' SNDS *

UND6 - SN*SCND9

9#7 - SSND7CI
SN0R - 9I@9B*SD9

*SLB3 - S*CD
SUD = SLS*SCLP4
S LR5 a SL*3SLR
9LD1 - 9L*9CLD1
SLD2 w SL*SCLD7
SLD3 a 9L*91LD3
SLD9 - SL*SCLD9

-~ SLD - SY*9tCYB
-. SYR = 9*B*LD9

SLD9 = 9*S*LD9

SSYD1 a SY*CYD1
SYR2 = SY*3*CYR2

SYDi a SY* CYDi
SYD2 - SY* CYD2
SYD3 - SY* CYD5
SYD4 - SY* CYD4i

SYD7 -SY* CYD7

WRITEC*, 1661)
1661 FORMATC5Xp'LAT-DIR STAB AXIS DIMENSIONAL DERIVATIVES(i/RAD)')

bIRITEC*, 1671) SNBqSLBSYB
1671 FORMATC4X,'NB - ',613.6,p9X,'LB - '1613.6,5Xp'YB = 1,1813.6)

IITE(S, 1691) OW rSLP vSYP
1681 F0IAT(4X,'If - PIG13.6,9Xt'LP = 'p613.6,5X,OYP = ',613.6)

WRITE*,1691) 9t SLRv YR
1691 FORMA(4X,'NR - ',G13.6,9XpOLR a ',613.695X9'YR - ',613.6)

* ITE(*, 1701) 91,SLDISYD1
1701 FORPAT(3XI'NDI a OlS13.6,0X,'LD1 = 'p613.6,4Xp'YD1 = ',pG13.6)

WRITEC*, 1711) SND2,9LD2,SYD2
1711 FORHAT(3XI'ND2 - ',G13.6,9X,'LD2 - ',613.6p4X,YD2 = 11613.6)

-, WRITEC*, 1721) 9ND3,9LD3p9YD3
1721 FORMAT(3X,'ND3 - ',613.6,BX,'LD3 = ',613.604XttYD3 a '1613.6)

WRITE(*, 1731) 91Q4,SLD4v9YD4
1731 FORHAT(3X,'PQ - 't613.69X,'LD4 - ',613.6,4X,'YD4 = ',613.6)

WRITEC*, 1741) 9ND5pSLD5,SYD5
6'1741 FORMAT(3X,'ND5 a ',913.6tBXt'LD5 a ',613.614Xg'YD5 - ',G13.6)

t'RITEC*, 1751) SND6t9LD6,SYD6
1751 FORMAT(3X,'ND6 - ',613.6p8Xg'LD6 - '61l3.64XglYD6 - 11613.6)

IRITE(*,1761) SND79SLD7,9YD7
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. 41761 FMWHT(3Xt'ND7 tvG,13.6t8XttLD7 * ',613.6t4XtPYD7 t.68913.6)
WRITEC*,1771) SND9,SLDasyDe

1771 FORPIAT3XPNDS - ttS13.6t8XttLDB ',613.6t4XpYDG - ',913.6)
WRITE(*, 1791) SND9tSLDtSYD9

1791 FRMAT3X'ND9 tt',G3.SBXp'LD9 t ',13.64Xt'YD9 - ',813.6)

WRXTEC*, 1650)
1650 FORIATC1XtO,' pi UU M----- -S ------

1901 CONTINIJE
N - DPR*CB *)/DIZZ
L - DPR*CG*S*)/BIXX
BB - B/C(2. O*U)
Y - DPR*C9*9*32.2)/d
MN - N*CNB

-N - N*DD*CNR
BD1D w N*CNI1
BND2 - N*CND2
DND3 - N*CND3
DND4 = N*CND4
B ND5 a N*CND5
DND6 - N*CND6
Dt1D7 a N*CND7
BNDS - N*CND8
DI4D9 n I*CND9

DLD = L*CLB
DLP a L*BB*CLP
BLR = L*BB*CLR
DLDI - L*CLD1
MLM - L*aLD
&LD3 a L2Cl-D3
BLD4 - L*CLD4
DLD5 a L*aMD
B LD6 - L*CLD6
BLD7 - L*CLD7
BLD9 m L*CLD9

LD9 = L*CLD9

BYD - Y*CYB
DYR = Y*99*MY
DYP - Y*BD*CYP
BYDI a Y*CYD1
BYD2 - Y*CYD2
BYD3 a Y*CYD3
DYD4 a Y*CYD4
BYD5 = Y*CYD5
DYD6 - Y*CYD6
BYD7 a Y*CYD7
BDn a Y*CYDS
DYD9 a Y*CYD9

WRITE(s, 1660)
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1660 rORNAYCXgtLAT-DIR BODY AXIS DIMENSIONAL DERIVATIVESC1/fAW))

IdRITEC*, 1670) BN,B.DDYD
1670 FORMAT4X,'NP a ',613.6g9X,'lLD a 't613.65X,'YB - '9613.6)

WRITEC*, 1690) BWIDBLPDYP
1690 FORMAT4X'lNP - ',G13.6,9X,'LP - ',613.6r5Xp'YP - P1613.6)

WRITEC*, 1690) BDDLIDlY
4.1690 FORMATC4Xr'NR -',913.6#X'L1 a ',613.65X'Y1 - I,613.6)

WRITE(*, 1700) BND1,DLD1,DYD1
1700 FORMAT(3X,'ND2 - ',613.6,9Xv'LDI = ',613.6r4X,'YD2 - ',613.6)

WRITEC2, 1710) 3ND31BD2,DYD2
1710 FORMAT(3XtlND2 a '61l3.6p8X,tLD2 a ',G13.6,4X,'YD2 - '9613.6)

S kJRITEC*, 1720) BN43,LD3,DYD3
1720 FORtIAT(3X,'ND4 = ',613.6,9X,'LD3 - ',613.64Xp'YD3 = ',613.6)

WIRITEC*, 1730) DND4,DLD4,DYD5
1730 FORMAT(3X,'ND5 = ',?613.6pSXt'LD5 - ',613.6r4Xt'YD5 = P9613.6)

bIRITE(*, 1740) BNDSULDS1DYD6
1740 FORMAT(3X,'ND6 - 'v613.6t8Xp'LD6 - tG13.6p4X'tYD6 - 1,613.6)

bIRITE(*, 1750) BND6,DLD6,DYD7
1760 FORPAT(3XplND7 = 'vS13.6,BX,'LD7 = ',613.6t4Xv'YD7 - ',613.6)

170WRITE(*,1770) BND7,DLD7VDYD7
170FORMAT(3X,'ND7 - tvS13.6,8X,'LD7 - 'p613.6,4X,'YD7 = ',613.6)
170 'RITE(*, 1770) BND9tBLD9BYD9
170FORPIAT(3Xp'ND9 = 'r613.6p8X,'LD9 't813.6,4X,'YD9 - t,613.6)

IIRITE(*, 1780)9tDLD DD

1790 FO RMA T(lX,'N9 '13.BX'L9 1111111111'D ---------- )

C CONVERSION OF DATA INTO STATE SPACE FORM
C
C

D,- 1.0 - CCDIXZ*BIXZ)/(DIXX*BIZZ))
Ri BIXZ/BIZZ
R2 =BIXZ/DIXX

C
PM1 = (DNB + R1*DLD)/D
PUMP - (IMP + R1*DLP)/D
PUNR - CDSR + R1*DLR)/D
PBNDI - (9101 + RI*DLD1)/D
P316D2 - (BMD2 + R1*DLD2)/D
PDMD3 - (3103 + R1*DLD3)/D

UP3104 = (BND4 + R1*DLD4)/D
P3105 - (9105 + RI*DLDS)/D
P9MM6 = (BD6 + R1*91D6)/D
PBND7 a (9107 + RI*ULD7)/D
P364DB = (BD0 + R1*BLDB)/D

4P9109 - (9109 + R1*B1D9)/D
P313 a (DID + R2*BMD)/D
PULP - (DIP +. R2*DNP)I/D
PUIR - (DIR + R2*DMR)/D
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PDLD1 - (BDIi + R2*BND1)/D

PULD4 - CDLD4 + R2*BND2)/D
PBLD3 u (DLD3 + R2*BDI5)ID
PILD6 - (BLD6 + R2*BD4D)ID

P9106 - (BLDG + R2*BND7)/D
P9107 - (91D7 + R2*9NDS)/D
PULDO - (BLD9 + R2*DND9)/D

PDYD a BYD/U
PBYP - GAL
PMY a -CAL
P9YPHI -32.2*CTH/U
PBYD1 B YD1/U
P9YD2 aBYD2/U
PBYD3 B YD3/U
PDYD4 B YD4/U
PBYD5 B YD5/U
PBYD6 B YDS/U

* PBYD7 -BYD7/U
PSYDS B YD3/U
PIVYg BYD9/U

* C
C( LATERAL DIRECTIONAL STATE MATRIX
C
C

DO 1905 I-1j5
DO 1906 J- 115

1906 DIRMAT(IJ)-0.0
1905 CONTINUE

DIRMATC1,3)-..0
DIRNAT(2, 1)-P9YPHI
DIRMATC2t2).PDYB
DIRtIAT(2p3).PDYP
DIRMAT(2,4) -PDYR
DIRNAT(2p5)=32.2*STH/U
DIRMAT(3,2)-PBLB

* DIRNAT(3,3) -PULP
DIRMATC3t4)-P9LR
DIRIAT42)-PMN
DIRMAT(43)-PBNP
DIRMAT(4v4)-P9N
DIRNAT(5, 4)-i. 0

C
C
C OUJTPT THE STATE MATRIX
C
C

WrRITE(*jS30)

~t 4 WRITE(*, 1910)
1910 FORMAT('1'p2XtLATERAL DIRECTIONAL STATE MATRIX')

I'RITE(*t 1920)
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~ 1820 FORNTC'0vSXSTATE9 a PHI,3ETAPtRP91')
WRITE**)
bIRITE*1925) (DIRMAT(I),I=l,5)
WRITE(*,I182) (DIRMAT(2, 1), 1-15)
IJRITEC*tl192) (DIRMAT(3, I =15)
IIRITE*,1925) CDIRMAT4I),-1,5)
IJRITE(*,19825) (DIRNATC5, I), 1=1,5)
WRITE(*t*)

1825 FO RA T(02X,5(G1l.4,4X))

-C LATERAL DIRECTIONAL INPUT MATRIX
C
C

DO 1930 1-1,9
DXRDNT(1, I)u0.0
DIRBMAT(5, 1)-0.O

1930 CONTINUE
DIRBIIAT(2, 1)=PBYD1
DIRDMAT(2, 2) PBYD2
DIRBIAT(2, 3)-PDYD3

* DIRBAT(2t4)-PBYD4
4 DIRDNAT25)WDBYD5

DIRBMT(2t6)UPBYD
DIRBNAT(2,7)-PDYD7
DIRBNAT(29)*DBYDG
DIRDNAT(2, 9)=PBYD9
DIRBMAT (3, l)=PBD
DIRBMAT(3, 2)*DBND2
DIRBNAT(33)PND3
DIRDNAT(3, 4)-PDND4
0IRUNMAT (3,5) -P9ND
DIRBMAT(3, 6)-PBND6
DIRBMAT(3, 7)-PBD7
DIRBMATC3, 9)=PBND9
DIRBAT39)-PUQ9
DIRDNAT(4, 1)=PDLD1
DIRDMAT (4,2) WULD2
DIRBNAT(4p3)=PDLD
DIRBMAT(4, 4)*DLD4
DIRBMAT(415)-PBLD5
DIRI'ATC4, 6)*L-D6
DIRDNAT(4, 7)=PDLD7
DIRBMAT (4,9)PBLDG
DIRBNAT49)-PDLD9

C PRINT OUT THE INPUJT MATRIX
C

WRITE(*, 1950)
1950 rORmAT('0',2X,LATERAL DIRECTIONAL INPUT MATRIX')

IIRITE(*, 1960)
di 1960 rORMT('0v4X,'FOR INPUTS: DELI=RUDDER,DEL2-DIFT CAN')

IIRITE(s, 1970)
1970 rORtIATC 6X,'DEL3-DIF STAB, DEL4-DIFT AIL, DELS-DIFT TEr')
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--- - - - - -~ - -

-. WRITE(*v 19930)
1980 FOIAT M rfDEL6 TO 9 ARE REVERSER VANE PORTS')

IdRITE(*t 199)
1990 FORATC'0',5X,'RCW1' ,1IX, ROW2' ,11X, ROW3',lX, 'R01d4' ,X, 'ROW5')

DO 1900 1=1,9
-U WRITE(*1925) (DIRDIAT(JI)J-l,5)

1900 CONTINUE
80 TO 421

450 CONTINUE
END
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- ..: /gt,stolbin
FILE STOLBIN RETRIEVED
/ ****************************************************

*** STABILITY DERIVATIVE TRANSFORMATION PROGRAM ***

ENTER BODY AXIS (NON-DIMENSIONALIZED) COEFFICIENTS
FOR TRANSFORMATION TO DIMENSIONALIZED BODY AXIS
AND TO GENERATE STATE AND INPUT MATRICES.
NOTE: ALL COEFFICIENTS ARE REQUESTED WHEN COMPUTING

TO TRANSFORM ONLY LONGITUDINAL DATA - TYPE LONG
TO TRANSFORM ONLY LATERAL-DIRECTIONAL DATA - TYPE LAT
TO TRANSFORM BOTH LONG AND LAT-DIR DATA - TYPE BOTH
KEYWORD = long

? Q (DYNAMIC PRESSURE - LBS/FT**2) = 48.06
? S (WING REFERENCE AREA - FT**2) = 608

. ? C (WING MEAN AFRODYNAMIC CORD - FT) = 15.9399
? B (WING SPAN - FT) = 42.7
? VT (TRIM VELOCITY - FT/SEC) = 200

* ? THETA (PITCH ANGLE - DEGS) = 11.5840
? W (WEIGHT - LBS) = 33576
? INERTIAS MUST BE INPUT IN BODY AXIS.
? IXX (SLUG-FT**2) = 23634

* ? IYY (SLUG-FT**2) = 181837
? IZZ (SLUG-FT**2) = 199674
? IXZ (SLUG-FT**2) = -3086

AIRCRAFT PARAMETERS
Q (DYNAMIC PRESSURE - LBS/FT**2) = 48.0600
S (WING REFERENCE AREA - FT**2) = 608.000
C (WING MEAN AERODYNAMIC CORD - FT) = 15.9399
B (WING SPAN - FT) = 42.7000
VT (TRIM VELOCITY - FT/SEC) = 200.000
THETA = 11.5840
W (WEIGHT - LBS) 33576.0
IXX (SLUG-FT**2) = 23634.0
IYY (SLUG-FT**2) = 181837.

* IZZ (SLUG-FT**2) = 199674.
IXZ (SLUG-FT**2) = -3086.00

IS THE ENTERED DATA CORRECT ? (YES/NO)
? yes

? ALPHA (DEG) = 11.5840
? CZA = -.0796233
? CXA = .208763
? CMA = .931356e-02
? CZQ = 0
? CXQ = 0

S - ? CMQ = -. 169490
? CZU = .658418e-2
? CXU = -. 246580
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? CHU = -.0140683
? CZH = -.181866e-4
? CXH = .681123e-3
? CMH = -.388591e-4
? CZDI = -.257164e-2
? CXDI = -. 153014e-2
? CMDI = .57288e-2
? CZD2 = -.955232e-2
? CXD2 = -.201656e-2
? CMD2 = -.107546e-1
? CZD3 = -.4888427e-2
? CXD3 = .136541e-2
? CMD3 = .112899e-2
? CZD4 = -.451559e-2
? CXD4 = .925632e-3
? CMD4 = -.21421ie-2
? CZD5 = .135028e-2
? CXD5 = -.340353e-2
? CMr5 = .129075e-2
? CZD6 = -. 135028e-2
? CXD6 = -. 340353e-2

* ? CMD6 = -. 137616e-2
? CZD7 = .135028e-2
? CXD7 = -. 340353e-2
? CMD7 = .129075e-2
? CZD8 = -. 135028e-2
? CXD8 = -. 340353e-2
? CMD8 = -. 137616e-2

ALPHA = 11.5840
LONGITUDINAL NON-DIM BODY AXIS COEFFICIENTS(1/DEG)

CZA = -.796233E-01 CMA = .931356E-02 CXA = .208763E-03
CZQ = 0. CMQ = -. 169490 CXQ = 0.
CZH = -.181866E-04 CMH = -.388591E-04 CXH = .681123E-03
CZU = .658418E-02 CMU = -. 140683E-01 CXU = -.246580
CZDI= -.257164E-02 CMDI = .572880E-02 CXDI =-.153014E-02
CZD2= -.955232E-02 CMD2 = -. 107546E-01 CXD2 =-.201656E-02
CZD3= -.488427E-02 CMD3 = .112899E-02 CXD3 = .136541E-02
CZD4= -.451559E-02 CMD4 = -.214211E-02 CXD4 = .925632E-03

* CZD5= .135028E-02 CMD5 = .129075E-02 CXD5 =-.340353E-02
CZD6=-.135028E-02 CMD6 = -. 137616E-02 CXD6 =-.340353E-02
CZD7= .135028E-02 CMD7 = .129075E-02 CXD7 =-.340353E-02
CZD8=-.135028E-02 CMD8 = -.137616E-02 CXD8 =-.340353E-02

IS THE ENTERED DATA CORRECT ? (YES/NO)
? yes

LONGITUDINAL AXIS DIMENSIONAL DERIVATIVES
BODY AXIS (I/RAD)

ZA = -127.843 MA = 1.36688 XA = .335190
ZQ = 0. MQ = -.991250 XQ = 0.
ZH = -. 254821E-05 MH = -. 497684E-06 XH = .954355E-04
ZU = .184508E-02 MU = -.360356E-03 XU = -.690991E-01
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ZD1= -4.12902 MDI = .840770 XDI = -2.45679
ZD2= -15.3372 MD2 = -1.57837 XD2 = -3.23779
ZD3= -7.84218 MD3 = .165693 XD3 = 2.19230
ZD4= -7.25022 MD4 = -.314380 XD4 = 1.48619
ZD5= 2.16801 MD5 = .189433 XD5 = -5.46470
ZD6= -2.16801 HD6 = -.201968 XD6 = -5.46470
ZD7= 2.16801 MD7 = .189433 XD7 = -5.46470
ZD8= -2.16801 MD8 = -.201968 XD8 = -5.46470

I LONGITUDNAL STATE MATRIX(BODY AXIS)

0 FOR STATEI=U,STATE2=Q,STATE3=ALPHA,STATE4=THETA

0 -.690991E-01 -40.1609 .335190 -31.5441
0 -.360356E-03 -.991250 1.36688 0.
0 .922542E-05 .979631 -.639215 -.323295E-01
0 0. 1.00000 0. 0.

0 LONGITUDNAL INPUT MATRIX

FOR DELI=CANARD,DEL2=STABDEL3=TEF,DEL4=DR AILERON
DELS=RT RV, DEL6=RB RV, DEL7=LT RV, DEL8=LB RV

0 ROWI ROW2 ROW3 ROW4

-2.45679 .840770 -.206451E-01 0.
-3.23779 -1.57837 -.766859E-01 0.
2.19230 .165693 -.392109E-01 0.
1.48619 -.314380 -.362511E-01 0.

-5.46470 .189433 .108400E-01 0.
-5.46470 -.201968 -. 108400E-01 0.
-5.46470 .189433 .108400E-01 0.
-5.46470 -.201968 -. 108400E-01 0.

IS ANOTHER PROGRAM RUN DESIRED ? (YES/NO)
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:'[ .-Z': APPENDIX C. STOL F-19 DATA

This appendix presents the data used in this study.

The data shown has been reduced via the program STOLCAT

(Appendix B) and is given only for the longitudinal mode.

The original data from McDonnell Douglas (23] consisted of

a list of aircraft size, weight, structural parameters, and

nondimensional stability derivatives for linearized

equations of motion. Data were given for eight flight

- conditions, four of which are used in this study. The data

*" for the first flight condition, about which the controllet

is designed, is listed in Appendix B. The remaining data

points; for the aircraft at sea level, normal landing gross

weiynt, at 100 knots; se- levei, heavy landing gross

weight, at 120 knots; and at 10,000 feet altitude, norma.

gro. weight, at 120 knots; are listed respectively in tis

J

.

a 57
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AIRCRAFT PARAMETERS
Q (DYNAMIC PRESSURE - LBS/FT**2)= 39.6400
S (WING REFERENCE AREA - FT**2) = 608.000
C (WING MEAN AERODYNAMIC CORD - FT) = 15.9400
B (WING SPAN - FT) = 42.7000
VT (TRIM VELOCITY - FT/SEC) = 168.000
THETA = 17.3952
W (WEIGHT - LBS) = 33576.0
IXX (SLUG-FT**2) = 23644.0
IYY (SLUG-FT**2) = 181847.
.ZZ (SLUG-FT**2) = 199674.
!XZ (SLUG-FT**2) = -3086.00

ALPHA = 17.3952
LONGITUDINAL NON-DIM BODY AXIS COEFFICIENTS(1/DEG)

CZA = -.666000E-01 CMA = .845000E-02 CXA = .168000E-01
CZQ = 0. CMQ =-.177000 CXQ = 0.
CZH = -. 211000E-03 CMH = .2000OOE-03 CXH = .103000E-02
CZU = -1.47000 CMU = .8640OOE-01 CXU = .4380OOE-01
CZDI= -.408000E-02 CMDI= .615000E-02 CXD1=-.131000E-02
CZD2= -. 1140OOE-01 CMD2= -. 1140OOE-01 CXD2= .159700E-03
CZD3= -.561000E-02 CMD3= .431000E-03 CXD3= .176000E-02
CZD4= -.409000E-02 CMD4= -. 142000E-02 CXD4= .128000E-02
CZD5= .290000E-02 CMD5= .284000E-02 CXD5=-.420000E-02
CZD6= -. 157000E-02 CMD6= -. 2420OOE-02 CXD6=-.4880OOE-02
CZD7= .29OOOE-02 CMD7= .3840OOE-02 CXD7=-.42OOOE-02
CZD8= -. 1570OOE-02 CMD8= -. 2420OOE-02 CXD8=-.488000E-02

1 LONGITUDNAL STATE MATRIX(BODY AXIS)

FOR STATEI=U,STATE2=Q,STATE3=ALPHA,STATE4=THETA

.120520E-01 -50.2254 22.2483 -30.7273

.217297E-02 -1.01640 1.02282 0.
- -. 240765E-02 .954265 -.524991 -.573008E-01"0' . 1.00000 0. 0.

0 LONGITUDNAL INPUT MATRIX
FOR DELI=CANARD,DEL2=STAB,DEL3=TEF,DEL4=DR AILERON

DEL5=RT RV, DEL6=RB RV, DEL7=LT RV, DEL8=LB RV

ROWI ROW2 ROW3 ROW4

-1.73483 .744418 -.321616E-01 0.
.211491 -1.37990 -.898633E-01 0.
2.33077 .521698E-01 -.442222E-01 0.1.69511 -. 171882 -.322404E-01 0.

-5.56207 .343764 .228600E-01 0.
-6.46259 -. 292926 -. 123759E-01 0.
-5.56207 .464808 .228600E-01 0.

-6.46259 -.292926 -. 123759E-01 0.
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V

,-'.AIRCRAFT PARAMETERS
-," Q (DYNAMIC PRESSURE - LBS/FT**2) = 48.8700

S (WING REFERENCE AREA - FT**2) = 608.000
C (WING MEAN AERODYNAMIC CORD - FT) = 15.9390
B (WING SPAN - FT) = 42.7000
VT (TRIM VELOCITY - FT/SEC) = 201.100
THETA = 15.4400
W (WEIGHT - LBS) = 43511.0
IXX (SLUG-FT**2) = 35215.0
IYY (SLUG-FT**2) = 190800.
IZZ (SLUG-FT**2) = 219105.
IXZ (SLUG-FT**2) -2881.00

ALPHA = 15.4400
LONGITUDINAL NON-DIM BODY AXIS COEFFICIENTS(1/DEG)

CZA = -.784900E-01 CMA = .957400E-02 CXA = .150900E-02
CZQ = 0. CMQ = -. 169000 CXQ = 0.
CZH = -. 167600E-03 CMH = .176600E-03 CXH = .666 O0E-03
CZU = -1.06500 CMU = .639400E-O1 CXU =-.61930OE-02
CZD1= -.263600E-02 CMD1= .55760OE-02 CXDI=-.155200E-02

* CZD2= -.8315OOE-02 CMD2= -.102000E-01 CXD2=-.2749OOE-03
CZD3= -.5591OOE-02 CMD3= .8521OOE-03 CXD3= .115700E-02
CZD4= -.450800E-02 CMD4= -.21110OE-02 CXD4= .942100E-03
CZD5= .189600E-02 CMD5= .255400E-02 CXD5=-.3120OOE-02
CZD6= -.742200E-03 CMDE- -.130100E-02 CXD6=-.3595OOE-02
CZD7= .189600E-02 CMD7= .255400E-02 CXD7=-.312000E-02
CZD8= -.742200E-03 CMD8= -. 130100E-02 CXD8=-.3595OOE-02

I LONGITUDNAL STATE MATRIX(BODY AXIS)

0 FOR STATEI=U,STATE2=Q,STATE3=ALPHA,STATE4=THETA

-. 135432E-02 -53.5387 1.90114 -31.0379
.157841E-02 -.952482 1.36158 0.

-. 115813E-02 .963910 -.491731 -.426284E-01
0. 1.00000 0. 0.

0 LONGITUDNAL INPUT MATRIX

FOR DEL1=CANARD,DEL2=STAB,DEL3=TEF,DEL4=DR AILERON

DEL5=RT RV, DEL6=RB RV, DEL7=LT RV, DEL8=LB RV

0 ROWI ROW2 ROW3 ROW4

-1.95532 .793002 -. 165142E-01 0.
-.346338 -1.45061 -.520925E-01 0.
1.45767 .121183 -.350270E-01 0.
1.18692 -.300220 -.282421E-01 0.

-3.93079 .363222 .118782E-01 0.
-4.52923 -. 185024 -. 464980E-02 0.

0 -3.93079 .363222 .118782E-01 0.
J{ ".:" -4.52923 -. 185024 -. 464980E-02 0.
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AIRCRAFT PARAMETERS
Q (DYNAMIC PRESSURE - LBS/FT**2) = 35.1200
S (WING REFERENCE AREA - FT**2) = 608.000
C (WING MEAN AERODYNAMIC CORD - FT) = 15.9400
B (WING SPAN - FT) = 42.7000
VT (TRIM VELOCITY - FT/SEC) = 200.000
THETA = 16.4279
W (WEIGHT - LBS) = 33576.0
IXX (SLUG-FT**2) = 23644.0
IYY (SLUG-FT**2) = 181847.
IZZ (SLUG-FT**2) = 199674.
IXZ (SLUG-FT**2) = -3086.00

ALPHA = 16.4279
LONGITUDINAL NON-DIM BODY AXIS COEFFICIENTS(I/DEG)

CZA = -.687596E-01 CMA = .706499E-02 CXA = .179080E-01
CZQ = 0. CMQ = -.176840 CXQ = 0.
CZH = -.212076E-03 CMH = .184559E-03 CXH = .116490E-02
CZU = -1.43120 CMU = .623987E-01 CXU = .491830E-01
CZD1= -.417763E-02 CMDI= .606027E-02 CXDI=-.126310E-02
CZD2= -. 115909E-01 CMD2= -.114406E-01 CXD2=-.395643E-03
CZD3= -.553756E-02 CMD3= .675633E-03 CXD3= .172800E-02
CZD4= -.422113E-02 CMD4= -. 157480E-02 CXD4= .124458E-02
CZD5= .245366E-02 CMD5= .319344E-02 CXD5= 0.
CZD6= -. 161307E-02 CMD6= -. 231230E-02 CXD6=-.354056E-02
CZD7= .245366E-02 CMD7= .319344E-02 CXD7=-.300115E-02
CZD8= -.161307E-02 CMD8= -.231298E-02 CXD8=-.354056E-02

LONGITUDNAL STATE MATRIX(BODY AXIS)

0 FOR STATE1=U,STATE2=Q,STATE3=ALPHA,STATE4=THETA

.100716E-01 -56.5617 21.0114 -30.8855

.116793E-02 -.755739 .757660 0.
-.146540E-02 .959176 -.403377 -.455322E-01

0. 1.00000 0. 0.

0 LONGITUDNAL INPUT MATRIX

FOR DELI=CANARD,DEL2=STABDEL3=TEF,DEL4=DR AILERON
DEL5=RT RV, DEL6=RB RV, DEL7=LT RV, DEL8=LB RV

ROWI ROW2 ROW3 ROW4

-1.48199 .649912 -.245080E-01 0.
-.464206 -1.22691 -.679978E-01 0.
2.02746 .724559E-01 -. 324860E-01 0.
1.46026 -.168884 -.247632E-01 0.

0. .342469 .143943E-01 0.
-4.15413 -.247974 -.946304E-02 0.
-3.52124 .342469 .143943E-01 0.
-4.15413 -.248047 -.946304E-02 0.
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APPENDIX D. FOUR-INPUT/FOUR-OUPUT MODEL

D-I Introduction

The controller designed In the main body of this study

Is for a three-Input/three-output system. This has been

done so the results would be directly comparible to the

results of similar design efforts done via the Porter

method [1]. As this Is not a limitation of the design

procedure, an example of a higher dimension system is given

in this appendix. It should be noted that this controller

was designed in one CGTPIF session and that it was not

* possible to evaluate the controller with ODEF15, as that

software could not be easily modified for the increase in

dimensions. Therefore, only a time history of the output

variables and the control inputs (from CGTPIF) are

presented.

D- The Design Set Uip

Ei r the" Purpc:,Je 0± t h ' ._ rin, I t W cu iJ,- t.

u:-e the fla:ps. and aileron, decoupled from the canard, a-

the additional input, and angle of attack as tht ,dditionA

output. A3 a result the A matrix of Equation (4-3) is

unchanged, but the control input matrix becomes:

-2.45679 -3.23779 2.58234 -21.8588

-.84077 -1.57837 -.231534 -.02507
B= (D-1)

-.020645 -.0766859 -.055866 0

L 0 0 0 0
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and the associated output matrix is:

S1 0 0 0

0 1 0 0
c = (D-2)

0 0 1 0

0 0 -1 1

All other design model matrices remain as in Chapter 4.

The implicit model becomes

-.05 0 0 0

0 -.05 0 0
Am = (D-3)

0 0 -1 0

0 0 0 -.5

with the Bm , Cm, and Dm matrices still zero. The Am matrix

is the same as seen in Equation (5-9) with angle of attack

inserted as the third state and flight path angle now the

fourth state. The implicit weightings were extrapolated

from the three-input/ three-output model and, after a very

few iterations, were finalized at 1:1:1:4 for the output

(,d-.ri'iative- of the velocity, pitch rate, anjic :f i) tt'-:

dn.1 f I iUh t pa th anglIe , re spec t ivu Iy; and 2: 2: 2: 1 ffor t h

p-e:docontrol rates for the canard, stabilator, f,-p/

aileron combination, and reverser vanes, in that order.

The only change to the explicit model is that the Cm matrix

is now the four by four matrix:

1 0 0 0
.9

0 1 0 0
Cm = (D-4)

*K. 0 0 0 0

0 0 1 0S.. , .,
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which has the same characteristics as Cm of Equation

(4-13).

The truth model changes In that the actuator dynamics

of the flap/aileron combination are now added to the At

matrix (Equation 4-16), increasing that to an eleven by

eleven matrix, with a proportionate increase in the

dimensions of the other truth model matrices.

D-3 Final Controller for the Four-input/Four-output System

After a very few iterations through CGTPIF, the

following gain matrices were developed for the four-input/

four-output system.

.01184 -10.41 95.65 -.2047

-.003348 -9.706 -2.068 -. 1432
Kx  (D-5)

-.006805 22.27 -396.6 .5563

-3. 401 5.446 -57.84 .1119 j

• 0: ; 215 -2. 6) 1. 5-2 - . /6 5

0 .2. - . 5 -1 .042 - .3,

• O,: ' 9.9 *. 9>1 -7 . 304 - •.3 ".

.0833z 1.579 -.9434 .1275

011649 -17.2 ,04566 -.01594

-.003493 -9.778 -.1395 -.009605Kxm = (D-7)
-.006351 43.09 -.1513 .036301

-3.404 6.826 -1.443 .006357
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.0093608

-.0063333=(D-8)

Kxu = .018368

.0037175

The time-response for this controller can be seen In

Figures D-I and D-2. This response is similar to those for

the three-Input/three-output system (Figs. 5-7 and 5-8),

but the overshoot is slightly smaller. The advantage to

having control over an additional input and output is that

one may exert tighter control over the system and also

independent control over more separate channels

(variables), so that compromises in overall performance

(and robustness) ought to be less severe. One must also

take into account the additional computation time involved

with the higher dimensionality and the trade-offs between

accuracy and computation time must be considered.

1
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FINAL 4-INPUT/4-OUTPUT CONTROLLER

0.00 + + I + + + 2 34 +
.20 + 1 + + + + 2 34 +
.40 1 + + + 2 + 3 4+
.60 + 1+ 2 + + 3 + 4+
.80 + 2 + + 1 3 + + 4+

1.00 2 + 3 + + I + 4 +
1.20 + 2 3 + + + + 14 +
1.40 + 3 2+ + + 4+ 1 +
1.60 3 + 2 + + 4 1 + +
1.80 +3::: :+: : :+: : : 2 4+1:.. :+: .. :+
2.00 + 3 + + 41 + 2 + +
2.20 + 3 + 41 + +2 +
2.40 + + 3 41 + + + 2 +
2.60 + + 4 1 3 + + + 2 +
2.80 + 4*1 + 3 + + 2+3.00 + 4 +1 + 3+ + 2+
3.20 + 4 +1 + +3 + 2+
3.40 + 4 +1 + + 3 + 2+
3.60 + 4 +1 + + 3 + 2+

3.80 +4 : : : :+: : : : :+ :: : : : :+3 : : :2:+
4.00 +4 + I + + + 3 2 +
4.20 4 + I + + + 3 2 +
4.40 4 + I + + + 3 2 +

0 4.60 4 + I + + + 3 +
4.80 4 + I + + + 3 +
5.00 4 + I + + + 2 3 +
5.20 4 + 1 + + + 2 3 +
5.40 4 + I + + + 2 3 +
5.60 4 + I + + + 23 +
5.80 4: + : : : : :+: : : : : : : 2 3 :+
6.C0 4 + 1 + + + 2 3 +
6.20 4 + I + + + 2 3 +
6.40 4 + I + + + 2 3 +
6.60 4 + I + + + 2 3 +
6.80 4 + + + + 2 3 +
7.00 4 + I + + + 2 3 +
7.40 4 + + + + 2 3 +
7.60 4 1 + + + 23 +

! 7.60 4: :::::: ::: :: : : +::2: 3 : +

8.0u 4 1 + + + 2 3 +
8.20 4 + 1 4 1 2 3 +
8.4c + I + + + 2 3 +
8.60 4 + + + + 2 3 +
8.80 4 + 1 + + + 23 +'- 9.00 4 + I + + + 2 3 +

9.20 4 + I + + + 2 3 +
9.40 4 + I + + + 2 3 +S9.60 4 + I + + + 2 3 +

9.80 4: ::: :: :1: :+ : : +: : . . . . .:3 :+
10.00 4 1 + + + 23 +

SCALE 1 -.0090 -.0030 .0030 .0090 .0150 .0210
SCALE 2 -.0300 -.070, -.0500 -.0300 -.0100 .0100
SCALE 2 -. 0620 -. 0490 -. 0360 -. 0230 -. 0100 .0030
SCALE 4 -.0880 -.0-00 -.0520 -.0340 -.0160 .0020

Figure D-1. Output Variables for a Four-Input/ Four-
Output System (1) Velocity (fps) (2) Pitch

-Rate (rad/sec) (3) Flight Path Angle (rad)
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SFINAL 4-INPUT/4-OUTPUT CONTROLLER

0.00 4 + 3 2 1 + +
.20 4 + 3 + 2 1+ + +
.40 + 4 + 3 + I + 2 +
.60 + +3 1 4+ + + 2 +
.80 + 31 + + + 4 + 2+
1.00 +3 + + + + 4 +
1.20 13 + + + 2 4 +
1.40 + 13 + + 2 + + 4+
1.60 + 3 + +2 + + 4 +
1.80 +: :+: 312 :+ : :+: : :+: 4 :+
2.00 + +2 3 1 + 4+ +
2.20 + 2 + + 3 1 + 4 + +
2.40 + 2 + + 3 +1 4 + +
2.60 + 2 + + +4 1 + +
2.80 + 2 + + 4+ 3 1+ +
3.00 +2 + + 4+ 3 + I +

,, 3.20 +2 + + 4 + 3 + +
3.40 +2 + + 4 + 3 1 +
3.60 2 + + 4 + 3 1 +

3.80 2:: :: :+. . + : : 4 :+: : : :+3 :
4.00 2 + + 4 + + 3 1+
4.20 2 + + 4 + + 3 1+
4.40 2 + + 4 + + 3 1+
4.60 +2 + + 4 + + 3 1+
4.80 +2 + + 4 + + 3 1+
5.00 +2 + + 4 + + 3 1+
5.20 +2 + + 4 + + 3 1+
5.40 +2 + + 4 + + 3 1+

V.. 5.60 +2 + + 4 + + 3 1+
5.80 +2 : : : :+ * . : +: : : 4 :+: : : : :+:3: : 1+
6.00 +2 + + 4 + + 3 1+
6.20 +2 + + 4 + + 3 1+
6.40 +2 + + 4 + + 3 1+
6.60 +2 + + 4 + + 3 1+
6.80 +2 + + 4 + + 3 1+
7.00 +2 + + 4 + + 3 1+
7.28 +2 + + 4 + +3 1
7.40 +2 + 4. 4 + + 3 1+
7.60 +2 + + 4 + + 3 1+
7.80 +2 ::: : : :4:+: : : : :+:3: : : 1+

8.00 +2 + + 4 + + 3 1+.9
8.20 +2 + + 4 + + 2 1+
,.40 +2 + + 4 + + 3 1+
8.60 +2 + + 4 + + 3 1+
8.80 +2 + 4" 4 + + 3 1+
9.00 +2 + + 4 + + 3 1+
9.20 +2 + + 4 + + 3 1+
9.40 +2 + + 4 + + 3 1+
9.60 +2 + + 4 + + 3 1+
9.80 +2 : : : :+: : : : :+: : : :4:+: : : : :+:3: : : 1+
10.00 4- + + 4 + + 3 1+

* SCALE 1 -.2300 -. 1500 -.0700 .0100 .0900 .1700
SCA[,E ^ -. 1200 -.0600 -.0000 .0600 .1200 .1800
SCALE 3 -.0700 -.0200 .0300 .0800 .1300 .1800
SCALE 4 0.000C .0500 .1000 .1500 .2000 .2500

4" Figure D-2. Control Deflections for a Four-Input/ Four-
Output System (1) Canard (2) Stabllator (3)
Reverser Vanes (radians)
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APPENDIX E. ACTUATOR COMBINATION AND ORDER REDUCTION

E-1 Introduction

This appendix considers the actuators of the STOL F-15.

There are two main concerns with the actuators in this

study. First, as there are more system inputs than

outputs, and as CGTPIF requies these to be equal, a number

of inputs must either be combined, excluded from

consideration, or the number of outputs to be controlled

could be increased to match the number of Inputs available.

This last alternative was not considered for the majority

of this study to keep the results comparable with those

achieved using other design methods 1,71. For this study

It was decided to combine the canard with the flaps and the

aileron rather than delete the inputs from the latter two.

Secondly, the dynamics of the actuators must be taken into

account in any evaluation, if not the design, of a control

I1aw A. A :om t ination of possible reduction of the order of

~ c3y~rn.~.zi-. al 2s) cons idere-d in this app- odlx

Each control surface contributes a given amount to

the generation of moments about the aircraft center of

gravity. If the contribution of a surface is neglected,

the controller designed, or evaluated, is suboptimal. For

the purpose of this study, rather than delete the inputs

for the flaps and ailerons, the effects of these control

surfaces will be combined with the canard. To accomplish
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this combination, two factors are considered, position and

rate limits, in scaling the contribution of each surface to

the combined input. In this case the rate limit for the

canard, 23 degrees per second, is by far the more

restrictive limit. For position limits, it is desired that

an input that would saturate a control surface would

saturate all of the combined surfaces simultaneously. To

accomplish this, the contribution of each surface is

weighted as to the minimum distance it can travel before

saturating. For the canard/flap/aileron combination of the

STOL F-15, the ratio for these inputs is I:.16667:.5. The

terms of the control input matrix (see data listing in

Appendix A) for each of the appropriate control surfaces is

multiplied by the given weight, the products are then added

together, and the resulting sum is then inserted into the

f i'st row of the B matrix The resulting control input

mt-ix is shown in Equation (4-4).

"-2 Otler Pedu cti n of A o t I r D nimc.-

T te o i 9 iI-,Il ct u ',-it:I mode t " h th b 1 -tzr sni

canard, as provided Ly McDonnll D ougl:s [231, are third

order with a real pole at -30.62 and a complex pair at

-138.63 + j 235.06. To reduce the order of the actuator

model to second order, frequency domain analysis

"- is performed on the third order model and a proposed second

"- order replacement is generated. Figure E-i demonstrates

that the reduced order model has the same low frequency
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Figure E-1. Frequency Response for Second and ThirdV Order Actuators
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characteristics as the third order model and that it Is not

until the high frequency band that the models show widely

differing responses and these high frequency effects can

be neglected as being outside the bandwidth of Interest.

Therefore, the second order model is assumed to be a proper

substitute for the stabilator and the canard actuators.

This reduced order model Is used to ease computational

loading for designs that include actuator dynamics In the

design model, which Is not the case in this study, or to

reduce the order of the truth model used for controller

evaluation, once again for computation efficiency.
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